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The recent progresses in health care sector have witnessed the use of biomaterials for improving life quality of critically ill patients. Biomaterials have revolutionized a few emerging areas such as biomedical engineering and tissue engineering by facilitating less-invasive techniques for continuous monitoring, improving drug administrating and enhanced mobility by either restoring or replacing organ functions (Hench and Polak [@CR101]; Place et al. [@CR187]; Hubbell [@CR114]). As compared to the conventional technologies, biomaterials with improved functionality and durability have been utilized in form of vascular grafts, biocompatible coatings, medical implants, stents tissue scaffolds which might remain functional even for several months (Place et al. [@CR187]; Ratner et al. [@CR199]). Despite considerable success of biomaterials in ageing society, only a few biomaterials can prove their safety concerns under practically relevant conditions. Regardless of implant composition and applications, i.e., from prosthetic joints, artificial heart and dental implants to vascular valves and intraocular lenses, virtually all biomaterials behave as a "niche" to pathogenic microorganisms (Zaat et al. [@CR267]; Busscher et al. [@CR30]; Stewart and Costerton [@CR235]). Under in vivo conditions, the microbes get attracted and subsequently lead to biofilm formation on biomaterial surface, leading to one of the major clinical complications often referred as biomaterial-associated infections (BAIs) (Percival et al. [@CR184]; Campoccia et al. [@CR33]; Zaat et al. [@CR267]; Busscher et al. [@CR30]; Stewart and Costerton [@CR235]). The greater incidences of biomaterial-associated infections thus compromise with the intended use of any implant or device and add risk to humans in terms of high morbidity and even mortality (Parsek and Singh [@CR180]; Hall-Stoodley and Stoodley [@CR98]). Moreover, it marks an adverse impact on economy since the existing treatment strategies to cure infection could cost even more than the initial biomaterial implantation. In a broad sense, a biomaterial faces two major challenges when implanted within the body i.e., to make suitable integration with native tissue while preventing colonization of microbes on its surface. In 1987, an orthopedic surgeon Anthony Gristina introduced a phrase "the race for the surface" referring that there exists a stern competition between tissue integration and bacterial attachment on biomaterial surface (Gristina [@CR93]). A successful implantation of biomaterial without any infection would thus be a 'winning' situation for its intended use, though it is not the case with few of them.

Biomaterial-associated infections are most commonly caused by *Staphylococcus epidermidis*, *Staphylococcus aureus*, *Staphylococcus haemolyticus*, *Staphylococcus capitis*, *Staphylococcus saprophyticus, Staphylococcus warneri*, *Staphylococcus cohnii*, *Staphylococcus xylosus, Staphylococcus chromogenes, Staphylococcus schleiferi, Staphylococcus lugdunensis‚ Escherichia coli*, *Pseudomonas aeruginosa*, *Proteus mirabilis*, *Proteus vulgaris, Candida albicans, Propionibacterium acnes* including a few other bacterial strains having low virulence potential on healthy individuals but resides within skin and mucous membranes (Jukes et al. [@CR124]; Mack et al. [@CR153]). The cascade for pathogenesis of BAIs follows a series of common events (Costerton et al. [@CR49]; Parsek and Singh [@CR180]; Busscher et al. [@CR30]; Stewart and Costerton [@CR235]). First step involves an initial attachment of microbial cells to biomaterial surface while the attached cells start accumulating in multiple layers leading to the formation of biofilm as a second step. Subsequently, the maturation of microbial biofilm takes place and finally, microbial consortium is detached for spreading to other parts of biomaterial surface. The implants are thus susceptible to many infections, as direct contamination to biomaterial surface during surgery starts even after few hours of implantation i.e., preoperative contamination (Maathuis et al. [@CR152]; Campoccia et al. [@CR34]). The site of implant can also be accessed to microbes during hospitalization, known as hospital-acquired infections. The spreading of microbes occur due to microbial contamination on several locations other than the implant site through blood stream i.e., post-operative infections and is inevitable (Siegel et al. [@CR229]; Campoccia et al. [@CR34]). As a result, the durability and functionality of biomaterial implants is severely affected which is manifested by severe complications that arise during patient's recovery.

The accumulation of microbial biofilm leads to the secretion of extracellular polymeric substance (EPS), which tends to hide microbes within its polymeric mesh and make them inaccessible to host immune system and antimicrobial therapies (Costerton et al. [@CR49]; Hall-Stoodley et al. [@CR97]; Hall-Stoodley and Stoodley [@CR98]; Stewart and Costerton [@CR235]). Sessile and adherent bacteria are thus intrinsically more resistant towards host clearance and require nearly 500--5,000 times higher concentration of common clinical antibiotics than planktonic or non-biofilm forming pathogens (Boucher et al. [@CR29]; Donlan and Costerton [@CR64]; Subbiahdoss et al. [@CR239]). The therapeutic and prophylactic use of antibiotics for curing post operative infections has even contributed towards the development of microbial strains with high resistance against those drugs making conditions unmanageable. Ultimately, the removal of an infected implant would be the only possible solution followed by weeks of antibiotic treatment to remove infection before implantation of new device (Maathuis et al. [@CR152]; Campoccia et al. [@CR34]; Busscher et al. [@CR30]; Ratner et al. [@CR199]). For these reasons, local or topical administration of antibacterial agents is preferred over routine systemic approaches which would minimize an initial attachment of bacteria on implant surfaces. Accordingly, a promising strategy for reducing the occurrence of BAIs is to prevent an initial attachment of bacteria to implant and device surfaces (Bazaka et al. [@CR27]; Salwiczek et al. [@CR213]; Monteiro et al. [@CR162]). This has spurred research efforts on developing antimicrobial surfaces and coatings that can be applied to biomedical devices so as to confer resistance against bacterial colonization. To achieve this, the antibacterial biomaterial surface should reflect non-cytotoxic characteristics against mammalian cells and it should not pose any adverse effects on healthier tissues and body fluids of patients (Harding and Reynolds [@CR99]; Norowski and Bumgardner [@CR175]). Moreover, therapeutic approaches to inhibit bacterial colonization yet retaining the intended properties of biomaterials is always advisable, such as the visual clarity of contact lenses or the flexibility of vascular grafts would not be compromised.

In last few years, nanotechnology has provided immense opportunities to manipulate substances at nano scale altering their physicochemical properties and transform them into potential antimicrobial agents. Owing to its small size, nanomaterials have high surface area to volume ratio which makes them more effective even at relatively lower dose concentration than their bulk form (Mauter and Elimelech [@CR160]; Sharma et al. [@CR151]; Rai et al. [@CR195]; Singh et al. [@CR231]). Moreover, the mechanism of antimicrobial action of nanomaterials can be mediated through several pathways, i.e., disruption of bacterial membrane, formation of holes and pits on cell wall, generation of ROS, binding to sulfhydryl groups of metabolic enzymes of the bacterial electron transport chain to inhibit respiratory activity, and integration with DNA (Kumar et al. [@CR134]; Morones et al. [@CR164]; Rai et al. [@CR195]; Hill [@CR104]; Zhang et al. [@CR271]; Panáček et al. [@CR179]; Sharma et al. [@CR151]; Chopra [@CR44]). This provides inability of microorganism to develop resistance against them. Recently few reports have elucidated a more efficient, direct contact killing action of silver nanoparticles to the bacterial cell wall, which do not even require the internalization of nanoparticles into the cells and thus would be more efficient than antibiotics to inhibit bacterial resistance. As a result, nanomaterials are particularly very effective to kill the multiple drug resistant microbial strains. In particular, the inherent antimicrobial properties of coinage metals i.e., silver, gold and copper were known to us from ancient times, these metallic nanoparticles have been utilized by researchers as potential disinfectants in biomedical and water purification applications (Atiyeh et al. [@CR19]; Russell et al. [@CR210]). They are being introduced as one of the important component in our daily life style. Imagine an odorless textiles (antibacterial T shirts) to public hygiene (deodorants, toothbrushes, washing machines) to water purifier to processed foods packing material, to antibacterial bandages, sunscreen lotions, and cosmetics that you would certainly feel the existence of nanomaterials. More recently, silver nanoparticles are used in the coating of medical equipments such as catheters, infusion systems and dental composites. In addition, there is increasing interest in utilization of 'nanoparticulate' forms of metal, metal oxides like copper/copper oxides, zinc oxides (ZnO) and biopolymers which exhibit remarkable antimicrobial properties.

Despite this, materials at nano scale pose certain challenges which limit their development as an efficient antimicrobial agent. In the absence of any support material, the nanoparticles tend to aggregate due to their high surface reactivity such that their actual antimicrobial efficacy is severely inhibited (Gupta and Silver [@CR96]; Li and Lenhart [@CR141]; Morones et al. [@CR164]; Agnihotri et al. [@CR4], [@CR5], [@CR3]). Moreover, colloidal nanomaterials cannot be used repeatedly and thus seem to be uneconomical under practically relevant conditions. Over past few years, tremendous research activities have been focused to minimize these limitation by either immobilizing or incorporating nanoparticles onto solid support with an aim to enhance their antibacterial activities and promote their reusability (Agnihotri et al. [@CR3], [@CR4], [@CR5]; Zhou et al. [@CR275]; Bakare et al. [@CR23]; Cao et al. [@CR36]; Lin et al. [@CR143]; Ifuku et al. [@CR115]; Zheng et al. [@CR274]; Chernousova and Epple [@CR43]). In general, various immobilization approaches fall in one of three categories; (1) incorporation and entrapment of segregated nanoparticles inside a porous matrix, (2) simultaneous in situ generation and immobilization of nanoparticles on to a support matrix and (3) immobilization of nanoparticles on a surface functionalized solid support. Among all approaches, one common procedure that would facilitate a stable association between nanoparticles and the support matrix is the selection of appropriate surface modification methods. However, the choice of the method to be employed for immobilization would certainly depend on many other factors such as type of solid support used, size/shape, morphology, surface functionalization and stability of nanoparticles, and the kind of application for which it is used. For example, a low-moderate level of immobilization may give the desired signals for optical/biosensor applications (Johnsson et al. [@CR120]) while, a relatively higher level of immobilization would always be desired for the long term antibacterial effects. Moreover, in order to develop a antimicrobial biomaterial, the physical behavior of a biomaterial during nanomaterials integration must be in compliance with clinical requirements (Stickler [@CR236]). For example, the mechanical specifications of antimicrobial biomaterial would be desirable for a very high load as in case with hip and knee implants. On the other hand, a biomaterial should either have high transmittance for designing intraocular/contact lenses or should be highly elastic while fabricating artificial blood vessels. In many cases, haemocompatibility and cytocompatibility of a biomaterial is compromised while introducing the nano-antimicrobial component, which ultimately would lead to immunological rejection of implant. A thorough understanding of the interaction of nano antimicrobial moiety with the biological environment like proteins, cells and tissue, is therefore crucial in order to be able to improve the functionality of nano-biomaterial interfaces.

The current chapter summarizes the recent progress and state-of-art facts on developing novel hybrid nanomaterials based systems as antimicrobial agents for various biomedical applications. The fabrication of nano-antimicrobial biomaterials would be explained on the basis of various mechanism through which a nanomaterial is bound to a biomaterial surface such as by (i) covalent immobilization (ii) impregnation (iii) sustained release of antimicrobial component (iv) synergistic action due to inherent antimicrobial action of support material. The aforementioned strategies aim for one common objective i.e., to provide an effective, stable and long term antibacterial efficacy to the biomaterial, promoting their reuse without causing any cytotoxicity responses against normal cells. The role of silver, gold, copper/copper oxide, zinc oxide, chitosan and their hybrid nanocomposites will be considered while designing new nano-antimicrobials for much needed applications in wound healing, tissue scaffolds, medical implants, coating surgical devices and instruments.

Unsupported Nano-Silver as Antimicrobial Agent {#Sec2}
==============================================

Silver and its compounds have been recognized for its antimicrobial efficacy since antiquity. Greeks and Romans used silver coins and vessels to disinfect potable water and keeping the milk fresh (Hill [@CR104]). However, silver based antimicrobial therapy was first documented by Ravelin in 1889 which demonstrated that silver when used in ultra low concentration, proved to be highly germicidal (Zhang et al. [@CR271]). In late eighteenth century, eye drops constituting of 2% silver nitrate solution were also used to thwart the ocular infections in newborns which lead to blindness and against the treatment of typhoid and anthrax. In 1920s, the US Food and Drug Administration (FDA) agency has recognized colloidal silver as an effective agent to manage wound healing (Chopra [@CR44]). Silver was then continued as a promising strategy for controlling infections during burns till World War II, which outraged its role with huge demands and development of new antibiotics (Dunn and Edwards-Jones [@CR68]). However, such a heavy use of antibiotics lead to the development of drug resistant microbial strains which propelled the researchers to find novel remedies based on silver. In concurrence with growing interest in exploiting materials at nano level, nano silver has shown the highest level of commercialization (Agnihotri et al. [@CR6]). Silver nanoparticles constitute an important component in nearly 57% (435 out of 762 products) of nano enabled consumer products (health care and fitness sector) available in market (Vance et al. [@CR248]). As a result, AgNPs have emerged as the most exploited antimicrobial nanomaterial in diverse applications such as cosmetics, textiles and fabrics, dietary supplements, food packaging, surgical coatings, silver dressings, water sanitation and disinfection (Rai et al. [@CR195]; Chen and Schluesener [@CR40]; Dunn and Edwards-Jones [@CR68]; Raghupathi et al. [@CR193]; Dorobantu et al. [@CR65]; Gajbhiye and Sakharwade [@CR82]).

It is widely accepted that smaller the size of nanoparticles, higher would be its antimicrobial action. These results might be possible due to higher penetration rates of small sized nanoparticle owing to their high surface to volume ratios (Chen and Schluesener [@CR40]; Rai et al. [@CR195]). The antimicrobial property of AgNPs is governed by several other factors such as shape, aggregation state, stability, dispersion medium, types of capping agents, and methods of surface functionalization of nanoparticles. Even similar sized nanoparticles show variation in antimicrobial action against two different strains of same microbial species, known as strain-specific biocidal killing (Agnihotri et al. [@CR6]; Mukherji et al. [@CR166]; Ruparelia et al. [@CR208]). Regarding shape, the truncated AgNPs appear to be more potent than spherical AgNPs in terms of their antimicrobial efficacies (Pal et al. [@CR176]). However, spherical AgNPs are usually preferred over other shapes due to their ease in synthesis, control on particle size, handling and recovery for use either as colloidal state, or immobilized form (Agnihotri et al. [@CR5], [@CR6]).

Regarding in vitro evaluation of the antibacterial activity of AgNPs, the potency is quantified either by using disk diffusion tests in solid media or by serially diluting the antibacterial material in liquid culture (Agnihotri et al. [@CR6]; Ruparelia et al. [@CR208]). In disk diffusion studies, the sensitivity of a microbe is tested by calculating the diameter of zone of inhibition (ZoI) created by nanoparticles-laden disc by inhibiting the microbial growth surrounding that disc. Thus, a higher value of ZoI would indicate a more sensitive microbial strain and a more effective antimicrobial nanomaterial (Fig. [1](#Fig1){ref-type="fig"}). On the other hand, the liquid broth assay is used to quantify the minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of nanoparticles as shown in Table [1](#Tab1){ref-type="table"}. The minimum inhibitory concentration (MIC) is defined as the minimum concentration of antimicrobial agent that inhibits the visible growth of microbes whereas, the lowest concentration of biocidal agent that kills 99.9% of microbial population is termed as minimum bactericidal concentration (Ruparelia et al. [@CR208]).Fig. 1Disk diffusion tests for different sized (5--100 nm) silver nanoparticles against the *E. coli*. The zone of inhibition (ZoI) is highlighted with a dashed circle indicating a noticeable antibacterial effect. The number in parentheses indicates the average size of silver nanoparticles in nanometer (Reproduced from Agnihotri et al. ([@CR6]), Royal Society of Chemistry) Table 1(a) Minimum inhibitory concentration (MIC, μg ml^−1^) and (b) minimum bactericidal concentration (MBC, μg ml^−1^) values for silver nanoparticles of varying size^a^. (Reproduced (Agnihotri et al. [@CR6]), Royal Society of Chemistry)Bacterial strainDifferent sized silver nanoparticles (nm)(5)(7)(10)(15)(20)(30)(50)(63)(85)(100)(a)*E. coli* MTCC 443202030304050809090110*E. coli* MTCC 73960909090100100120140160160*B. subtilis* MTCC 4413040405050608090110120*S. aureus* NCIM 502170708010090100130160180200(b)*E. coli* MTCC 443303040505080100110130140*E. coli* MTCC 73990100100110120120140170170180*B. subtilis* MTCC 441405050607080100120130140*S. aureus* NCIM 50218090100110100120160200\>200\>200^a^Studies were done at 10^5^--10^6^ CFU ml^−1^ initial bacterial concentrations

The antimicrobial property of silver nanoparticles strongly depends on synthesis routes by which they were produced. Out of several methods (physical, chemical and biological) explored for producing silver nanoparticles, biological methods are gaining enormous interest due to its eco-friendly, non-toxic nature and often synthesize AgNPs with higher antimicrobial properties than that of produced by any other means (Panáček et al. [@CR179]; Sharma et al. [@CR151]). For instance Nanda and Saravanan ([@CR171]) investigated the antibacterial activity of biogenic AgNPs (160--180 nm) using S. *aureus* and found that these NPs showed excellent biocidal efficacy against clinically pathogenic multidrug resistant *Staphylococcus aureus* (*MRSA*), multidrug resistant *Staphylococcus epidermis (MRSE), and S. pyogenes.* Similarly, Ingle et al. ([@CR116]) reported the extracellular synthesis of AgNPs using *Fusarium accuminatum*, isolated from infected ginger and demonstrated nearly 2--3 times higher biocidal activity of AgNPs than bulk silver (Ag^+^) against highly pathogenic bacterial strains i.e., MRSA, *Salmonella typhi*, *S. epidermidis*, and *Escherichia coli*. Results revealed that the antimicrobial activity of silver nanoparticles is 2.4--2.9 times that of silver ions. In a recent study, AgNPs (average size, 19--54 nm) synthesized using whole plant extract and callus extract of *Linum usitatissimum* demonstrated good efficacy against pathogenic strains *E. coli, Klebsiella pneumoniae and S. aureus* (Anjum and Abbasi [@CR16]). Similarly, Shanthi et al. ([@CR224]) used cell free extract of *Bacillus licheniformis* to produce 18--64 nm AgNPs which exhibited strong antibacterial and antibiofilm properties against *Vibrio parahaemolyticus* Dav1. Silver nanoparticles synthesized through green route have also demonstrated good antimycotic activity against various fungal species viz, *Candida albicans, Dermatophyte Trichophyton* and *Mentagrophytes* (Panáček et al. [@CR178]; Rodrigues et al. [@CR202]). These strains are among few of the most common pathogens that cause hospital-acquired sepsis in immunocompromised patients with nearly 40% mortality rate (Panáček et al. [@CR178]).

Silver nanoparticles can prove to be effective to prevent infectious diseases mediated through viruses. Rogers et al. ([@CR204]) demonstrated that AgNPs (10 nm) with biocompatible coating would significantly inhibit Monkey pox virus infection under laboratory conditions. Speshock et al. ([@CR234]) elucidated that AgNPs are capable of inhibiting viral infection by significantly reducing the production of viral RNA and release of progeny viruses. The authors however claimed that AgNPs treatment would be effective only if administered within initial 2--4 h of replication stage. A recent study showed antibacterial, antifungal and antiviral activity against variety of microorganisms *E. coli, K. pneumoniae, S. sonnei, P. aeruginosa, S. epidermidis, MRSA, S. bovis, A. flavus, C. albicans,* and Bean Yellow Mosaic Virus (BYMV) by AgNPs produced from micro organisms (Elbeshehy et al. [@CR73]). Similarly, Lu et al. ([@CR149]) elucidated antiviral activity of AgNPs against Hepatitis B virus. Another study reported the potential antiviral activity of biogenic AgNPs (size range, 20--46 nm) against human parainfluenza virus type 3, Herpes Simplex Virus 1, and Herpes Simplex Virus 2 (Gaikwad et al. [@CR81]).

Silver Based Hybrid Nanocomposites {#Sec3}
==================================

Considering several limitations associated with using conventional antibiotics and rising demands for better hygiene has motivated researchers to develop effective yet affordable antimicrobial nanomaterials. Antimicrobial activities of metals like silver, gold, copper, zinc etc. can be enhanced by incorporating them into a material matrix thus obtaining a composite material. Nanocomposites are defined as composites in which at least one of the phases shows dimensions in the order of nanometre range. On the basis of types of matrix material, silver based nanocomposites fall into four major categories, silver-polymeric, silver-inorganic, silver-organic, and hybrid metal nanocomposites each with distinct properties that can be utilized in several biomedical applications.

Silver-Polymeric Nanocomposites {#Sec4}
-------------------------------

The use of polymers in medical sector continues to grow, thanks to some of its interesting properties like its resistance towards heat, irradiation and chemicals, inert nature, clarity, durability and flexibility to be molded into various sizes and/or shapes (Sastri [@CR215]). Admittedly, the growing concerns for single usage disposable items that have succeeded in reducing the chances of infection in hospitals are made up of polymeric materials. However, the major drawback associated using polymers is that they also provide the necessary surface for microbial contamination, colonization, migration and somehow mimic the conditions require for their subsequent biofilm formation (Hall-Stoodley et al. [@CR97]; Hall-Stoodley and Stoodley [@CR98]). As a result, a large portion of hospital acquired infections (HAIs) are spread through surface contacts with disposable syringes, blood sachets, bottles, pipings, hospitals furniture/wardrobes, which are mostly based on polymeric (polypropylene and polyethylene) materials. It was estimated that roughly 80% of hospital-acquired urinary tract infections originate from urinary catheters, which are of polyvinyl chloride (PVC) origin (Curtis [@CR50]).

Polymer-silver nanocomposites (NCs) are gaining importance as a new generation broad spectrum antimicrobial material in biomedical applications due to their ease in modifications, haemocompatibility, biodegradable nature, and enhanced activity of incorporated AgNPs within the polymeric network. Moreover, the presence of AgNPs would impart an additional biocidal feature to polymer without compromising its properties desired for a particular application. For the preparation of polymer/metal nanocomposites, metals can be incorporated via two approaches; (1) ex situ, in which pre synthesized nanoparticles are incorporated into the surface modified polymeric matrix and (2) in situ, in which polymeric matrix acts both as a nano reactor for synthesizing nanoparticles as well as a template for their subsequent immobilization. The immobilization is achieved through surface modification that allows favorable interaction between the nanoparticles and the support matrix. Although the current discussion is limited to the incorporation of AgNPs on to polymeric template, similar methods can also be employed for immobilization copper, gold, ZnO nanoparticles in later sections.

AgNPs are quite commonly used as antimicrobial filler in polymeric nanocomposites (Muñoz-Bonilla and Fernández-García [@CR167]) with diverse biomedical applications ranging from wound dressings, coating medical implants and devices, to tissue scaffolds. The polymeric support can be fabricated into various structures such as nanofibers, thin films, solid support and porous gel that act as a template for immobilizing silver nanoparticles (Mukherji et al. [@CR166]). Among various structures, nanofibers have emerged as the most promising biomaterial scaffolds owing to its nano scale architecture similar to natural human tissue along with microporous morphology which facilitates adhesion, proliferation, and differentiation of cells for tissue engineering application (Dahlin et al. [@CR51]). Nanofibers posses a high surface area to volume ratio while its characteristics such as composition, biodegradation, and mechanical strength can be manipulated to the intended role, which is beneficial for other biomedical applications as well (Peng et al. [@CR182]). For example, Almajhdi et al. ([@CR12]) incorporated AgNPs (1--7 wt%, 5--10 nm diameter) on polylactic-co-glycolic acid (PLGA) nanofibers through electrospinning process (Fig. [2](#Fig2){ref-type="fig"}) and the antibacterial activities were tested against five pathogenic strains *E. coli* o157:H7, *S. aureus* ATCC 13565, *Bacillus cereus* EMCC 1080, *Listeria monocytogenes* EMCC 1875 and *S. typhimurium* ATCC25566 using disc diffusion method. PLGA nanofibers with 7 wt% AgNP demonstrated the best antimicrobial action displaying the highest ZoI (10 mm) against all tested strains. PLGA/Ag nanofibers were found to be suitable for therapeutic applications since they enhanced the anticancer activity along with the biocidal nature without posing any cytotoxicity effects to normal cells.Fig. 2**a** A highly dense incorporation of silver nanoparticles on the surface of PLGA nanofibers as shown through transmission electron microscopy (TEM). **b** Variation in the sensitivity of microbial pathogens against silver/polymer nanocomposite as marked by difference in their zone of inhibition. (Reproduce with permission from Almajhdi et al. ([@CR12]), Springer)

In another study, Raghavendra et al. ([@CR191]) synthesized polymer/Ag nanocomposite fibers based on cellulose for antibacterial skin scaffolds using gum acacia and gaur gum (0.3--0.7 wt%) as biogenic reductants. The incorporation of AgNPs improved mechanical strength and thermal stability of resulting nanocomposite than pristine cellulose fibers along with promising antibacterial activity against pathogenic strains of *E. coli*. Kim et al. ([@CR130]) successfully prepared a biodegradable electrospun poly(ethylene oxide)/AgNP NC which showed efficient biocidal control against *S. aureus* and *K. pneumoniae* pathogens. Similar to previous study, they also reported that incorporating AgNPs on to polymeric nanofibers enhanced their mechanical strength without any significant decline in antimicrobial efficacy of AgNPs. Regarding biocompatibility and biodegradability, electrospun nanofibers made from PLGA, polylactic acid (PLA), polycaprolactam (PCL) polymers have been used in many biomedical applications such as fabricating sutures, scaffolds, guided conduits for nerve tissue regeneration wherein the antimicrobial effect to fibers is bestowed due to the presence of AgNPs (Vargas-Villagran et al. [@CR250]).

Currently, the use of natural polymers in tissue scaffolds, drug delivery systems, layer by layer (LBL) assembled films, and as a cargo for bioactive compounds has increased the demand for investigation in biomedical fields. Polymers of natural origin like cellulose, chitosan, dextran, hyaluronan, collagen, alginate have been traditionally used as sources of wound dressings, suture threads, vaccines, and as bioactive compounds (anti-ageing, anti-coagulants and antibacterial agents) in their natural or modified forms (Travan et al. [@CR245]; Ahamed et al. [@CR7]; Anna et al. [@CR17]; Azizi et al. [@CR22]; Lavorgna et al. [@CR135]; Pinto et al. [@CR185]; Raghavendra et al. [@CR191]; Zahran et al. [@CR268]). Interestingly, polymers from natural sources offer many advantages over synthetic ones which make them suitable as biomaterials in regenerative medicine and therapeutics (Allen et al. [@CR11]). Being natural, they are inherently biocompatible, biodegradable, renewable, nontoxic and are relatively cheaper (Dang and Leong [@CR53]). Moreover, natural polymers are easy for chemical modifications thereby improving the structural and functional properties required for the biomaterials (Allen et al. [@CR11]). With this approach, several biocidal agents including AgNPs have been incorporated on natural polymers after surface functionalization in order to enhance their utility as nano-antimicrobials in biomedical applications.

In order to design an efficient and greener polymeric nanocomposites, Pinto et al. ([@CR185]) reported in situ synthesis of AgNPs on the surface of cellulosic fibers for biomedical applications. Authors demonstrated that positively charged Ag^+^ ions can form stable electrostatic interactions with functional moieties available at the surface of cellulose, and subsequently can be reduced to nanoscale under UV irradiation. The successful immobilization of AgNPs was evidenced by observing a visual change in the color of nanocomposites after immobilization (Fig. [3](#Fig3){ref-type="fig"}). Electron microscopy analyses confirmed a highly dense and homogenous distribution of AgNPs over the nanocomposite. The nanocomposite with high Ag content (0.57--4.4 wt%) exhibited strong antibacterial activity toward *S. aureus, K. pneumoniae and B. subtilis* strains. A modified form of cellulose i.e., carboxymethylcellulose has also been utilized as a template for incorporating copper, silver and even iron oxide nanoparticles with an aim to fabricate antimicrobial and antifungal coatings as novel therapeutics (Nadagouda and Varma [@CR170]).Fig. 3Photographic images of **a** pristine cellulose membrane and **b** Ag-cellulose nanocomposite membrane fabricated by in-situ synthesis of AgNPs. (Reproduced with permission from Pinto et al. ([@CR185]), Elsevier)

Azizi et al. ([@CR22]) synthesized poly(vinyl alcohol)/chitosan (PVA/CS) based nanocomposites using different proportions of zinc oxide and silver nanoparticles as multifunctional nano fillers. As compared to pristine PVA/Cs, presence of nano ZnO and AgNPs increased the mechanical strength (from 0.055 to 0.205 GPa), demonstrated good visibility and UV-shielding effects along with excellent antimicrobial properties against *Salmonella choleraesuis* and *S. aureus* strains. Recently, a cellulose-chitosan hybrid nanocomposites containing a unique blend of AgNPs and antibiotic gentamicin was prepared for wound dressing applications (Ahamed et al. [@CR7]). For preliminary experiments performed on rats, the physicochemical and biochemical studies revealed faster healing pattern in wounds while the presence of AgNPs ruled out the chances for contamination. The authors claim this nanocomposite as an eco-friendly wound dressing material for humans after being successfully implemented on other animals. Zahran et al. ([@CR268]) described an eco-friendly approach for synthesizing Ag/alginate nanocomposite using a one step in situ reduction of Ag^+^ ions in alginate solution, which acted as both reducing and stabilizing agent. The resulting nanocomposite was applied on cotton fabrics so as to testify its antimicrobial potential on clinical isolates. The modified cotton fabrics showed excellent antibacterial activity towards *E. coli, S. aureus and P. aeruginosa* strains. A slight reduction in the antibacterial efficacy of modified fabrics was observed when used repeatedly for 20 washing cycles, however 90% bacterial killing was still achievable with such high number of washing steps. Authors claimed this NC as a promising approach for fabricating antibacterial finishing for wound healing purposes. Similarly, Ag/collagen based hybrid nanocomposites have been exploited as tissue scaffold for promoting biocidal response against *E. coli, P. mirabilis, B. cereus, and S. aureus* pathogens (Mandal et al. [@CR154]). Due to their good mechanical strength, biological functionalities and potential to immobilize metallic nanoparticles, collagen based scaffolds can successfully be utilized in fabricating prosthetic heart valves. Polymers isolated from non-primate sources such as crustaceans (chitosan, chitin), *Bombyx mori* (silk fibroin) has also been employed as a bio-template for in situ production of AgNPs besides acting both as a reducing agent and stabilizer to prevent their aggregation (Fei et al. [@CR78]; Lavorgna et al. [@CR135]). The resulting nanocomposites have demonstrated efficient killing of MRSA, *S. epidermidis*, and *K. pneumoniae* with disruption of biofilm formation afterwards. Nevertheless, the scientific advancements prompted towards establishing polymers-silver nanocomposites as an ideal antimicrobial biomaterial are still poised with several challenges such as broadening their applicability while combating against virulent pathogens.

Silver-Inorganic Nanocomposites {#Sec5}
-------------------------------

In past two decades, the application of inorganic nanomaterials in biomedical fields has drawn attention among the researchers. Inorganic nanocomposites consisting of micro and mesoporous silica, glass (silicon dioxide), silicates and zeolites have particularly been exploited for potential antimicrobial actions. Other than being inert, inorganic nanomaterials can easily be engineered into desired morphology while its porous architecture contributes toward dense immobilization of AgNPs (Agnihotri et al. [@CR5]). Moreover, inorganic nanocomposite are inherently hydrophilic due to the presence of several functional groups such as hydroxyl, carboxyl,--SH and act as cargo vehicle for delivering drugs, bioactive molecules and even antimicrobial agent owing to its high surface area.

For instance, Song et al. ([@CR233]) reported synthesis of silver/polyrhodanine nanocomposites on silica nanoparticles as potential antimicrobial therapeutics. In this study, metal binding affinity of thiol-functionalized silica NPs was exploited for loading Ag^+^ ions on its surface followed by treatment with rhodanine monomer solution. The polymerization of rhodanine was then carried at the silica surface, where silver ions were subsequently reduced to silver nanoparticles (average size, 7 nm) forming stable silver-polyrhodanine complex (Fig. [4](#Fig4){ref-type="fig"}). The antibacterial potential of Ag/PRh--SiO~2~ nanocomposite was evaluated toward *E. coli* and *S. aureus* strains which showed MIC values of 1.5 and 2.5 mg ml^−1^ at an initial bacterial concentration of 10^5^ − 10^6^ CFU ml^−1^. The enhanced antimicrobial activity of silver/polyrhodanine-silica nanocomposite was attributed to the dual role of microbial killing through release of silver ions as well as direct contact with polyrhodamine.Fig. 4Schematic representation for the synthetic protocol of Ag/PRh-SiO~2~ nanocomposite. TEM images of **a** thiol-modified silica nanoparticles and **b**, **c** Ag/PRh-SiO~2~ nanoparticles at lower and higher magnifications, respectively. **d** High resolution TEM image of Ag/PRh-SiO~2~ nanocomposite. (Reproduced with permission from Song et al. ([@CR233]), American Chemical Society)

In another study, fully exfoliated clay, i.e., nanosilicate platelets (NSP) were used as a dispersing agent and immobilizing matrix for depositing AgNPs and the Ag/NSP/Poly(ether)urethane (PEU) hybrid nanocomposites were evaluated for its biocompatibility, immunological response, and antimicrobial activities against few clinical isolates (Lin et al. [@CR143]). Owing to its immobilization, AgNPs could not enter inside cells thereby lowering the risk associated with cellular uptake of AgNPs. The Ag/NSP composite having 20 ppm AgNP concentration were translated into an effective biocompatible material by further mixing with PEU which showed no cytotoxic responses to mouse skin fibroblasts (L929 cells) and human hepatoma cells (HepG2), yet exhibiting complete bacterial killing (99.9%) of *E. coli* cells (Fig. [5](#Fig5){ref-type="fig"}). The amount of leachable silver in form of either free Ag^+^ or AgNPs was found to be 170 and 270 ppb, respectively, whereas the supernatant of silver nanohybrids did not show antibacterial activity after aging for 6 months. Authors thus claimed that this antimicrobial biomaterial can effectively be employed in biomedical application considering the biosafety associated with minimizing the excessive discharge of silver.Fig. 5Cytotoxic effects of AgNP/NSP (silver-nanosilicate platelets), NSP, and AgNPs on **a** L929 cells and **b** HepG2 cells. The concentration of NSP or AgNPs corresponded to the content of each component within the AgNP/NSP hybrid. The concentration was based on the total weight, e.g., AgNP/NSP 1/99 10 ppm contains 9.87 ppm NSP and 0.13 ppm AgNPs. \* indicates a statistical difference from the control, *p* \< 0.05. (Reproduced with permission from Lin et al. ([@CR143]), American Chemical Society)

It is a matter of immense discussion whether the mode of antibacterial action of AgNPs is mediated solely on the basis of either release of silver ions or nanoparticles-specific, or may be both (Li et al. [@CR142]; Hoop et al. [@CR106]; Wang et al. [@CR256]). Another study hypothesizing the dual role of antibacterial action of Ag/SiO~2~ based nanocomposites was given by (Agnihotri et al. [@CR5]) where a high localized immobilization of AgNPs (8.6 nm, average size) was achieved on an amine-functionalized silica substrate using 3-(2-aminoethylaminopropyl)trimethoxysilane as a cross linker molecule. The bactericidal potential of AgNP--glass nanocomposite was tested against two *E. coli* strains, MTCC 443 and MTCC 739, and one *Bacillus subtilis* strain, MTCC 441, in both deionized water and phosphate buffer medium. The antibacterial tests were performed independently at two different initial bacterial concentrations i.e., 10^3^ and 10^5^ CFU ml^−1^, where bacterial counts were reduced to zero within 120 min under all the test conditions. It was concluded that contact killing is the predominant bactericidal mechanism and surface immobilized nanoparticles showed greater efficacy than other sources of silver (free AgNPs, bulk Ag and bulk AgCl) and released even less than 25 ppb of silver in solution (Fig. [6](#Fig6){ref-type="fig"}). Interestingly, AgNP--SiO~2~ substrate was reused 11 times without losing its bactericidal efficacy. This indicates that the proposed immobilization protocol could prove to be effective while minimizing the toxicity issues associated with excess release of AgNPs into solution as required in case with antimicrobial coatings, especially for surgical devices and synthetic implants.Fig. 6Comparative effect of various Ag sources, i.e., pure silver, AgCl and AgNP--glass substrate, all with same dimensions on **a** disinfection and **b** silver release profile is presented. **c** Comparative bactericidal potential of AgNP--glass substrate and AgNP colloidal suspension (average size 8.6 nm) against the *E. coli* MTCC 443 strain having a similar content of silver. (Reproduced with permission from Agnihotri et al. ([@CR5]), Royal Society of Chemistry)

A research group lead by Prof. Alexander Seifalian at University College London (UK) has developed a novel nanocomposite biomaterial based on polyhedral oligomeric silsesquioxane-poly(carbonate-urea)urethane (POSS-PCU) having required mechanical properties and histo-compatibility for cardiovascular applications (Ghanbari et al. [@CR85]; Kannan et al. [@CR127]; Raghunath et al. [@CR192]). This polymer has been successfully implanted in humans in form of vascular bypass graft, a lachrymal duct, and tracheal implants. However, the biomaterial suffers from graft infection involving MRSA, *S. epidermidis* which prevails with serious consequences including bacteremia, systemic sepsis, higher incidences of amputation, and even death. With an aim to impart biocidal component to this polymer, pre synthesized silver nanoparticles (average diameter, 15 nm) were mixed with POSS-PCU at different concentrations (16, 32, 64, 128 mg) and its effect on the platelets was evaluated (de Mel et al. [@CR57]).

Platelet adhesion on test surfaces was quantified using the Alamar blue assay, which is a direct measurement of metabolic activity of platelets and is proportionate to the color intensity. Authors demonstrated that POSS-PCU up to 64 mg AgNPs marked no significant variation in platelet adhesion as compared to POSS-PCU without AgNPs. However, for higher conc. of AgNPs (i.e., 128 mg), POSS-PCU- demonstrated a 50% reduction in platelet adhesion as with pristine POSS-PCU. While comparing the morphology of the platelets, the positive controls (Collagen and PTFE) showed the existence of platelets in a highly aggregated state with extended pseudopodia. In contrast to this, the platelets treated with Ag incorporated POSS-PCU showed a very few platelets with a rounded appearance at their initial state of adhesion. Comparing other results, it was evidenced that the incorporation of AgNP not only enhanced the anti-thrombogenic properties of POSS-PCU, it also provided an additional benefits in terms of its biocidal nature, and thus potentially can be used in fabrication of cardiovascular implants.

Shameli et al. ([@CR223]) developed a new method for in situ synthesis and immobilization of AgNPs within interlayer space of montmorillonite (MMT), a modified silicate clay. To this composite, chitosan polymer was intercalated through cationic exchange and hydrogen bonding processes so as to convey some important properties like biocompatibility, biodegradability, non toxicity, and bioactivity in the resulting nanocomposites for potential biomedical applications. The modified clay (MMT/chitosan) not only acted as a stabilizing agent preventing the AgNPs from being aggregated, it also assisted in reducing silver ions to AgNPs under room temperature conditions. The antibacterial activity of Ag/MMT/chitosan bionanocomposite was examined against *S. aureus*, MRSA *E. coli* O157:H7, and *P. aeruginosa* by disc diffusion method having different sizes (6.2--9.8 nm) of AgNPs. Results indicated that bio-nanocomposite was found to be highly bactericidal against all pathogenic strains where the range of ZoI varied from 7.6 to 11.9 mm showing its strain specific sensitivity. Authors claimed that the Ag/MMT/chitosan nanocomposites can successfully be applied as biocompatible antimicrobial coating in surgical devices and as drug delivery vehicles. In a different study, Ag/MMT/chitosan nanocomposites have also been evaluated for topical treatment of chronic skin lesions during the treatment of skin ulcers (Sandri et al. [@CR214]). The antimicrobial properties were examined against four bacterial strains, *S. aureus, S. pyogenes, E. coli,* and *P. aeruginosa* which often complicate skin lesions during wound healing.

Silver-Carbon Nanocomposites {#Sec6}
----------------------------

Several attempts have been made to incorporate silver on various carbon based nanostructures like single-walled carbon nanotubes (SWCNTs), multi-walled carbon nanotubes (MWCNTs), graphene, graphene oxide and carbon aerogels for antibacterial applications. The size (diameter) of nanotubes is considered to be an important factor for assessing the bactericidal potential of CNTs since SWCNTs are more lethal to microbes than MWCNTs (Kang et al. [@CR126]). Through gene expression data, it was evidenced that *E. coli* expressed a higher levels of stress-related gene products when treated with SWCNTs as compared to MWCNTs. The enhanced toxicity of SWCNTs is attributed to their sharp edges which acted as nanosyringes for inducing a direct contact to microbes thereby causing damage to cell membrane (Afzal et al. [@CR1]). In addition to this, the presence of carbon nanotubes in Ag-CNTs nanocomposite serves many purposes. First, CNTs act as an immobilizing template for dense localization of silver nanoparticles owing to its high surface area. Secondly, CNTs may undergo simple surface functionalization procedures and the modified CNTs can offer the required nucleation sites for in situ synthesis of AgNP via forming stable silver-CNTs complexes (Wildgoose et al. [@CR259]). Most importantly, Ag-CNTs often mediate synergistic antibacterial effect due to the inherent bactericidal action of CNTs and thus strengthen their antimicrobial performance in addition to being acted as an immobilizing substrate material (Akhavan et al. [@CR10]; Yu et al. [@CR266]; Seo et al. [@CR220]; Rangari et al. [@CR197]).

Exploring the above possibilities, Mohan et al. ([@CR161]) described a wet chemical approach to immobilize AgNPs onto carbon nanotubes following surface functionalization procedure. In this study, silver ions were initially grafted over acid functionalized surface (--COOH) forming stable silver-MWCNTs complexes, which acted as the template for AgNP growth. After exposing it to reducing agent, AgNPs were decorated onto MWCNTs in a highly ordered fashion with dense packing. The antibacterial experiments performed against *E. coli* strain had shown that while Ag-MWCNT contributed toward 97% bacterial killing, the acid functionalized MWCNTs (without AgNPs) killed only 20% of bacterial population. Authors suggested their role as antibacterial coatings in biomedical devices and antibacterial controlling system.

In order to construct an orthopedic implant biomaterial, Afzal et al. ([@CR1]) described Ag-reinforced composite material containing hydroxyapatite (HA) and MWCNTs, where the presence of silver landed an antimicrobial character to the biomaterial without compromising their inherent mechanical, physiochemical and biological properties. In this study, HA-CNT composites were mixed with 5% Ag powder (particle size \< 100 nm) while the samples were sintered in vacuum under uniaxial pressure of 30 MPa at 950 °C for 5 min. The antibacterial tests performed using *E. coli* and *S. epidermidis* showed a significant decrease (65--86%) in the number of bacteria adhered to Ag/HA/MWCNT composites. The density of *E. coli* on HA, Ag/HA, only CNT, and Ag/CNT was found as 330, 70, 1320, and 430 cells/mm^2^, respectively. Similarly, the density of *S. epidermidis* on the corresponding substrates was estimated to be 370, 130, 350, and 50 cells/mm^2^, respectively. This indicates that bacteria were proliferating more over the surface of pure HA and CNTs whereas the addition of Ag particles resulted in the inhibition of bacterial growth and bacterial proliferation was retarded. Later, the same group reported synthesis of ceramic biomaterial based on Ag/HA/CNTs for minimizing bacterial infections for bone replacement prosthesis (Herkendell et al. [@CR103]). Introducing small amounts of silver (2--5 wt%) demonstrated a profound antibacterial effects as the bacterial adhesion was reduced to 60% in contrast to pure-CNTs and pure-HA who promoted bacterial growth on their surface by 8.5%. Several other approaches have also been applied to synthesize Ag/CNTs nanocomposites employing biocompatible, environmental benign molecules such as dendrimers (Murugan and Vimala [@CR169]), PMMA (Rusen et al. [@CR209]), and liposomes (Barbinta-Patrascu et al. [@CR25]) which demonstrated excellent antibacterial activity against various pathogens strains *B. subtilis*, *S. aureus*, *E. coli*, and *E. faecalis*.

The development of toxic free biomaterials has become a great challenge in recent times. The chemical procedure for synthesizing Ag-carbon nano hybrids mainly involves the use of either sodium borohydride or hydrazine hydrate as reducing agents. These chemicals are inflammable, toxic and potentially hazardous, and their left over residues persists in the system despite several washing steps. As a result, they elicit cytotoxic effects both under in vitro and in vivo conditions and limit the applicability of synthesized biomaterial for long term use. Synthesis of nanocomposites by green method using some biocompatible reducing agents can potentially eliminate this problem. Recently, Yallappa et al. ([@CR262]) proposed a green method for synthesizing Ag-MWCNTs composite using *Terminalia arjuna* bark extracts under microwave irradiation. In this study, AgNO~3~ precursor was introduced in aqueous dispersion containing MWCNTs and the biological extract. The phytochemicals present in the extract acted as reducing and stabilizing agent such that AgNPs were synthesized in situ and subsequently grown on the surface of MWCNTs. The hybrid nanocomposite was found to be very effective against bacterial and fungal strains, which are the causative agents for hospital-acquired infections. The antimicrobial activity was evaluated on the basis of disc diffusion studies, where the zone of inhibition (ZoI) was calculated in the range from 10--16 mm for bacterial strains and 7--8 mm for fungal strains. While comparing the antibacterial results with pristine MWCNTs, the order of bactericidal and antifungal potential of Ag/MWCNTs was observed as *E. coli* \> *S. typhi* \> *S. aureus* \> *P. aeruginosa* and *C. albicans* \> *T. rubrum* ≈ *C. indicum*, respectively. Authors explained this enhanced antimicrobial activity of nanobiohybrids as a combined effect of CNTs, AgNPs, and the presence of phytochemicals from plant extract in the dispersing media. These results suggest that the biohybrid nanomaterials can compete with commercial antimicrobial agents.

Graphene i.e., a monolayer array of carbon atoms linked together in a 2D hexagonal lattice constitutes another class of nanomaterials that exhibits broad spectrum antimicrobial activity. The potential for using graphene based nanocomposites in films and coatings applications has been rapidly expanded over the past decade. Graphene is considered as a biocompatible material towards mammalian cells and osteoblasts while graphene oxide has been utilized as a carrier matrix to deliver bioactive agents and drugs into the cells. Hu et al. ([@CR110]) described a novel route for synthesizing graphene-based antibacterial paper via introducing several functional groups (hydroxyl, epoxy, and carboxyl) over graphene sheets enabling it to be water dispersible. The antibacterial activity of graphene paper was validated by observing a significant reduction (up to 70%) in metabolic activity of *E. coli* DH5α cells and suppressing bacterial growth up to 98.5% in presence of GO nanosheets. In another study, Wang et al. ([@CR255]) investigated the antibacterial potential of reduced graphene oxide/magnetic NPs/polyethylenimine nanocomposite onto which AgNPs were grown through in situ approach. The resulting biomaterial exhibited excellent antibacterial performance against model strain, *E. coli* O157:H7 with 99.9% killing rate (initial bacterial count, 10^7^ CFU ml^−1^) using a dosage of 0.1 μg ml^−1^ followed by a photothermal treatment (5 min) under a near-Infrared (NIR) laser irradiation. Moreover, a MBC value of 0.1 μg ml^−1^ could be achieved under near infrared (NIR) laser irradiation for 10 min, while no colony of *E. coli* O157:H7 was found in solid agar plate. The strong absorbance characteristics of graphene in NIR has been exploited in another study (Tian et al. [@CR244]), where AgNP/GO/iron oxide nanocomposite showed synergistic antibacterial effect against *E. coli* and *S. aureus* strain. Moreover, due to the presence of iron oxide nanoparticles, the antibacterial composite were recoverable and hence can be used repeatedly.

Recently, a sandwich-like antibacterial nanomaterial was constructed by introducing halloysite nanotubes (HNTs) to Ag/graphene nanosheets combining the adhesive potential of 3, 4-dihydroxyphenylalanine (DOPA) after self polymerization (Yu et al. [@CR266]). It was a single-step synthesis protocol and was performed under mild atmosphere without involving any hazardous chemicals or specific process conditions. Electron microscopy studies indicated that the presence of DOPA not only facilitated the intercalation of HNTs within GO sheets, it also caused reduction of silver ions to AgNPs and their subsequent attachment to both HNTs and graphene oxide (GO) nanosheets (Fig. [7](#Fig7){ref-type="fig"}). Synthesized AgNPs were found to be in a range between 5--15 nm through TEM micrographs. The antibacterial experiments indicated a very high bactericidal potential of Ag/HNTs/rGO (reduced graphene oxide) towards *E. coli* and *S. aureus* having MIC value of 2 µg/ml as compared to their control groups, i.e., Ag/GO (16 µg ml^−1^), Ag/HNTs (32 µg ml^−1^), colloidal Ag (64 µg ml^−1^) and GO nanosheets (1064 µg ml^−1^). Authors also demonstrated that Ag/HNTs/rGO nanocomposite can be fabricated into a paper-like antibacterial film by introducing a small proportion of polyethersulfone which showed excellent flexibility and can be used for biomedical purposes as antimicrobial coatings.Fig. 7TEM images of **a** HNTs, **b** GO nanosheets and **c**, **d**, sandwich-like nanomaterials at different magnifications. **e** HRTEM image of single entity silver nanoparticles with fringe spacing. **f** Photograph of antibacterial film prepared from Ag/HNTs/reduced GO. (Reproduced with permission from Yu et al. ([@CR266]), Nature publishing group)

As evident from literature review, most of the studies involving use of Ag-graphene nanocomposites as antimicrobial biomaterial have targeted to exploit their efficacy either in terms of their ability to preventing bacterial colonization and/or inhibiting bacterial growth on the biomaterial surface. However, the clinical relevance of these nanocomposites is not limited to their antibacterial nature since a few studies have specifically evaluated their antifungal effects as well. For examples, Li et al. ([@CR139]) explained a method for synthesizing carbon nanoscrolls (CNS) filled with AgNPs and was tested against *Candida albicans* (ATCC 90029) and *Candida tropical* fungal strains, isolated from a patient suffering from urethritis at a local hospital. The synthetic process involved in situ reduction of silver ions followed by their anchoring on the surface functionalized GO resulting in the formation of Ag--GO nanocomposite. Moreover, the composite was sonicated for next 6 h so that most of the exfoliated GO could be curled into scroll while wrapping most of AgNPs into it, called as carbon nanoscrolls.

At first, the antifungal activity of GO, Ag--GO and CNS--AgNPs were evaluated by modified agar disk diffusion method. Results indicate while no inhibition zone was observed for pure GO samples during 24 h of incubation, both GO--AgNPs and CNS--AgNPs showed a clear zone of inhibition (ZoI) even after an incubation period of 8 h. However, as the incubation time was increased to 12, 20, and 24 h, the no. of viable colonies were much lesser in CNS--AgNPs treated samples as compared to GO--AgNPs for same strains under similar test conditions. The antifungal activity of GO, GO-AgNPs and CNS--AgNPs also was evaluated by liquid culture assay broth micro dilution method. The MIC values of CNS--AgNPs against *C. albicans* and *C. tropical* strains were calculated as 0.25 and 0.125 mg mL^−1^, respectively. On the contrary, GO--AgNPs demonstrated a higher MIC value of 0.5 mg mL^−1^ against both fungal strains. In order to elucidate the enhanced antifungal activity of CNS-AgNPs over GO, scanning electron microscopy was employed (Fig. [8](#Fig8){ref-type="fig"}). The SEM micrographs indicated that no significant morphological change was observed in *C. albicans* and *C. tropical* cells treated with pure GO. However, both fungal strains treated with CNS-AgNPs demonstrated a distinct damage to cytoplasmic membrane such that their intracellular contents were leaked completely. Moreover, release of silver ions from CNS-AgNPs also caused a more severe effect such that a clear concave zone was observed in the cell membrane. Similarly, a hydrogel based contact lens has recently been tested as antimicrobial biomaterial comprising of quaternized chitosan, AgNPs and graphene oxide (Huang et al. [@CR111]). Contact lenses loaded with AgNP and GO demonstrated good mechanical properties and excellent antifungal efficacy under both in vitro and in vivo conditions. Authors indicated its therapeutic use as drug delivery vehicle for the treatment of fungal keratitis, a severe ocular disease in developing countries which often leads to blindness and ocular morbidity. Analogous antimicrobial performance of various silver based nanocomposites and their biomedical applications has been summarized in Table [2](#Tab2){ref-type="table"}.Fig. 8Scanning electron micrographs (SEM) of **a** native *C.* *albicans* cells, **b** *C.* *albicans* cells treated with pure GO and **c** CNS--AgNPs for 24 h. **d** and **e** *C.* *tropical* cells treated with CNS--AgNPs. **f** *C.* *tropical* cells treated with GO--AgNPs for 24 h. *Red*, *green* and *yellow arrows* indicate breakage of yeast cells, CNS--AgNPs and AgNPs on GO surface, respectively. (Reproduced with permission from Li et al. ([@CR139]), Elsevier) Table 2Silver nanocomposites based antimicrobial biomaterials and their biomedical applicationsSilver based nanocomposites (NCs)Size of AgNPActivityMicrobes testedEvaluation parametersBiomedical applicationsReferencesAg/Polyurethane (PU)5 nmAB*B. subtilis, E. coli*NDAntibacterial catheterHsu et al. ([@CR107])Ag/Polystyrene NCs8 nmAB*P. fluorescens, E. coli,B. circulens, S. aureus*ZoI: 2--27 mmAntibacterial coatingsKamrupi et al. [@CR125])Ag/TiO~2~ nanocomposite films10--30 nmAB*E. coli*ZoI: 7 mmAntibacterial coatings, Antibiofilm materialYu et al. ([@CR265])Ag/Calcium phosphateAB*S. aureus, S. epidermidis*85--98% inhibitionAntibacterial scaffoldEwald et al. ([@CR75])Ag/PLA thin films3--4 nmAB*E. coli, S. aureus,V. parahaemolyticus*ZoI: 9--15 mmAntibacterial scaffold, Biomedical coatingsShameli et al. ([@CR222])Ag/Carbon/platinum NC3--5 nmAB*Staphylococcus, P. aeruginosa*NDAntibiofilm coatingsNarayan et al. ([@CR172])Ag/Calcium phosphate NC2.7 nmAB*S. mutan,* S. *sobrinus*75% inhibitionAntibiofilm plaquesCheng et al. ([@CR42])Ag/PU/PCL/PMMA20--27 nmAB*E. coli*10^6^ fold reductionAntibiofilm implantsSawant et al. ([@CR216])Ag/Bioactive glass/chitosan\<50 nmAB*S. aureus*ZoI:16 mmAntimicrobial coatingsPishbin et al. ([@CR186])Ag/pCBMA NCNDAB*E. coli*99.8% inhibitionAntimicrobial coatings, Anti adhesive biomaterialHu et al. ([@CR109])Ag/Nylon-6/CNT hybrid NCs5--10 nmAB*S. aureus, S. pyogenes, E. coli, Salmonella enterica*ZoI: 19--28 mmAntimicrobial coatings, Disinfectant filtersRangari et al. ([@CR197])Ag/Polyamide-6 NC\<100 nmAB*E. coli*100% inhibitionAntimicrobial materialDamm et al. ([@CR52])Ag/hydroxyapatite NC20--30 nmAB*E. coli*100% inhibitionBone substitute material, Implant coatingsLiu et al. ([@CR144])Ag/Graphene hydrogel10 nmAB*E. coli, S. aureus*ZoI: 9.7--11.8 nmBurns wound healingFan et al. ([@CR76])Ag/Montmorillonite/chitosan NC2--3 nmAB*E. coli, S. aureus, MRSA*ZoI: 8--9.5 mmCoating surgical devices, Delivery systemAhmad et al. ([@CR8])Ag/PES/SPES film40--50 nmAB*S. aureus, S. albus, E. coli*ZoI: 1--2.5 mmCoatings medical devicesCao et al. ([@CR36])Ag/collagen scaffold30--60 nmAB*E. coli, P. mirabilis,B. cereus, S. aureus*NDTissue scaffoldMandal et al. ([@CR154])Ag/collagen/PHBV filmNDAB*E. coli, S. aureus,P. aeruginosa*100% inhibitionTissue scaffoldBakare et al. ([@CR23])Ag/PLGA electrospun nanofibers5--10 nmABNDNDTissue scaffoldsWound dressingKhalil et al. ([@CR129])Ag/chitosan/PEG filmAB*E. coli*88% inhibitionWound dressingRao et al. ([@CR198])Ag/Cellulose5--11 nmAB*E. coli, S. aureus*ZoI: 2--3.5 nmWound dressingManeerung et al. ([@CR155])Ag/gelatin electrospun pads11--20 nmAB*P. aeroginosa, E. coli,MRSA, S. aureus*ZoI: 1.9--2.4 mmWound dressingRujitanaroj et al. ([@CR207])AgNP/chitosan--AB*S. aureus, B. subtilis,E. coli, S. choleraesuis*MIC: 0.03--0.06 mg/mlWound dressingChen et al. ([@CR38])Ag/Cellulose acetate nanofibres21 nmAB*S. aureus, E. coli, K. pneumoniae, P. aeruginosa*99.9% inhibitionWound dressingTissue scaffoldsSon et al. ([@CR232])AgNP/Cu-loaded mullite NCAB*E. coli, S. aureus*MIC: 1.6 mg/mlWound dressings, Antimicrobial coatingsKar et al. ([@CR128])Ag/silica polystyrene1--10 nmAB, AF*S. aureus, C. albicans,K. pneumonia, E. coli,P. fluorescens, A. niger Salmonella enterica*MIC: 62.5 µg/mlAntimicrobial coatingsEgger et al. ([@CR71])AgNPs/rice-paper plant\<100 nmAB, AF*E. coli, C. albicans*MIC: 14--28 mg/lWound dressingZeng et al. ([@CR270])AgNPs/CMC/PEO nanofibers12--18 nmAB, AF*S. aureus, E. coli,P. aeruginosa, C. albicans*ZoI: 12--20 mmWound dressingFouda et al. ([@CR80])AgNP/Chitosan nanofibers10 nmAF*Alternaria sps., Bipolaris oryzae, B. cinerea, P. digitatum, C. higginsianum, Fusarium oxysporum*40--90% reduction in spore germinationAntifungal therapiesIfuku et al. ([@CR115])Ag/Graphene oxide NC30--50 nmAF*C. albicans,C. tropical*ZoI: 15 mmMIC: 0.125 µg/mlNosocomial infections,Local antifungal therapyLi et al. ([@CR139])Ag/Carbon supported matrix20 nmAB, AV*E. coli*, *B. subtilis,* Bacteriophage M1360--80% inhibition in bacterial and fungal counts,Antibacterial materialAntiviral infection controlVijayakumar and Prasad ([@CR252])AgNP/Chitosan NCs3.5--13 nmAVH1N1 influenza A60--85% inhibition in viral replicationAntiviral infection controlMori et al. ([@CR163])AgNP/Graphene NC film5--25 nmAVfeline coronavirus,infectious bursal disease virus25% inhibition in viral replicationAntiviral infection controlChen et al. ([@CR41])*AB* Antibacterial; *AF* Antifungal, *AV* Antiviral, *ND* Not Determined

Nano Silver Based Antimicrobial Hydrogels {#Sec7}
-----------------------------------------

Hydrogel is a porous 3D semi interpenetrating polymeric network which has high water holding capacity than its own weight without getting dissolved into it (Mukherji et al. [@CR166]; Agnihotri et al. [@CR4]). Due to their soft architectures and ability to mimic the microenvironment of native tissue, they can be engineered to a myriad of applications such as in drug delivery, tissue engineering, stem cell engineering, immunomodulation, molecular therapies and even in cancer research (Lee and Mooney [@CR138]; Drury and Mooney [@CR66]). Another expanding area where hydrogels have gained enormous attention is in wound dressings and coating surgical devices to prevent nosocomial infections. Other than being non-toxic, hydrophilic, biocompatible and biodegradable, hydrogel exhibits several other remarkable properties such as oxygen permeability, good adhesion and easy handling, which make them an ideal candidate for biomedical applications (Peppas et al. [@CR183]; Hoffman [@CR105]; Zhu and Marchant [@CR276]; Jones and Milton [@CR122]). Especially for wound healing purposes, the water holding ability of hydrogel keeps the wound hydrated and prevents scar formation, which is inevitable several times. Moreover, their low abrasion characteristics and ability to supply nutrients in a controlled manner accelerates healing process and alleviate pain. Some commercial hydrogel based products like Hydrofiber^®^ and Aquagel^®^ are already in the market which allow to keep a moist environment around the wound site and promotes wound healing (Jones et al. [@CR121]).

Despite several advantages associated with hydrogels, their utilization had been limited for two main reasons. First, hydrogels suffer with poor mechanical durability which restrict their applications in several domains such as tissue engineering and corneal implants where tough and flexible properties are specifically needed (Zhu and Marchant [@CR276]). Secondly, with few exceptions, hydrogels are generally more susceptible to get infected and their applications at the infected site may elevate the risk of spreading infection to surrounding tissues (Jones and Milton [@CR122]). Integration of nanotechnological advances to hydrogel thus have succeeded to minimize these limitations and extended its accepted applications beyond treating sloughy and necrotic wounds. Reinforcing hydrogel with nanomaterials such as silica nanoparticles, graphene oxide, carbon nanotubes, clay nanosheets as nanofillers have tremendously improved their mechanical strength. On the other side, introduction of nano-antimicrobials to hydrogel is becoming an utmost concern for its clinical relevance in much needed areas such as prostheses, ocular surgery, biodegradable sutures, and coating surgical implants and devices.

There exists a plethora of techniques for making nanocomposites hydrogels for diverse applications (Fig. [9](#Fig9){ref-type="fig"}). However, the development of nano antimicrobial hydrogels involves two classical approaches. In one approach, a wide range of nanomaterials with antimicrobial characteristics such as metallic nanoparticles (Ag, Au, Cu), carbon based (nanotubes, graphene, graphene oxide), polymeric, and inorganic materials (SiO~2~, TiO~2~) can be incorporated within the hydrogel structure so as to obtain nanocomposites with tailored functionalities. Secondly, polymeric materials which can form hydrogels and also contain innate antibacterial properties can be used with nanomaterials to demonstrate their synergistic effects. As compared to synthetic polymers, polymers having natural origin (cellulose, starch, chitosan, alginate, etc.) are increasingly utilized for biomedical applications due to their biocompatible, biodegradable and low cost attributes.Fig. 9Various techniques for synthesizing nanocomposite hydrogels. **a** Physical, but unstable interactions between polymeric chains and nanoparticles. **b** Nanoparticles are chemically bonded to polymers, often during radical polymerization processes. **c** Nanoparticles are chemically crosslinked within semi interpenetrating polymeric chains so as to enhance its antimicrobial properties. **d** Polymer--magnetic nanocomposites, with NPs dispersed within and/or crosslinking polymer chains for drug delivery applications. **e** Electro-osmotic flow of NPs embedded within polymeric matrix for the mass transport of drugs, proteins, and bioactive molecules. **f** Template block-copolymer gel with nanoparticles residing in the interstitial space between neighboring micelles. (Reproduced with permission from Schexnailder and Schmidt ([@CR217]), Springer)

For example, Sacco et al. ([@CR211]) demonstrated the use of AgNP impregnated tripolyphosphate-chitosan hydrogels for the treatment of non-healing wounds. They investigated that there exist a synergism between AgNPs and chitosan, responsible for the enhanced antibacterial action of hydrogel against *S. aureus*, *E. coli*, *S. epidermidis*, and *P. aeruginosa* strains. Moreover, the hybrid gel contributed toward inhibiting the maturation of their biofilms whereas no harmful effects on the viability of keratinocytes and fibroblasts cells were observed through the biocompatibility tests. Another natural polymer isolated from microbial strain *Acetobacter xylinum* TISTR 975 i.e., bacterial cellulose was tested as an immobilizing template for AgNPs (Maneerung et al. [@CR155]). Silver nanoparticles were synthesized in situ within bacterial cellulose by introducing polymeric material into AgNO~3~ solution followed by the borohydride mediated reduction. The resulting hydrogel exhibited good physicochemical properties and a strong bactericidal performance against *E. coli* and *S. aureus* strains. Panacek et al. ([@CR177]) synthesized sodium polyacrylate stabilized AgNPs (size 10 nm) and incorporated into methylcellulose to form a hydrogel based nanocomposite which could be used as a potential topical antimicrobial formulation for treatment of burns and wounds. The hybrid nanocomposite showed excellent antibacterial and antifungal efficacy against infective pathogens *S. aureus, C. albicans, E. coli, P. auregenosa, S. epidermis* with MIC values of 25 mg L^−1^. As claimed by the authors, this material could act as a barrier preventing the attack of microorganisms causing infections at wound site.

Similarly, Vimala et al. ([@CR253]) incorporated an additional agent, curcumin obtained from *Curcuma longa* which has intrinsic wound healing, antibacterial, anti-inflammatory and anti-cancer properties into chitosan-PVA/Ag nanocomposite hydrogel. Antimicrobial assays yielded a noteworthy antibacterial and antifungal activity against *E. coli, Staphylococcus, Micrococcus, C. albicans, P. aeruginosa* with the diameter of ZoI ranging from 1 to 2.1 mm whereas, pristine hydrogel could not contributed towards forming a distinct zone of inhibition. In addition to that, the hydrogel nanocomposites exhibited satisfactory mechanical properties in order to employ them for wound dressings in treating/preventing infections. Agnihotri et al. ([@CR4]) also exploited chitosan--PVA-based hydrogel with dual functionalities serving as a nano reactor in addition to its role for AgNP immobilization. SEM analyses indicated that semi-interpenetrating network of hydrogel not only facilitated a controlled and uniform distribution of AgNPs (Average size, 13 nm), it also precluded the requirement of adding any stabilizer to keep AgNPs in segregated state (Fig. [10](#Fig10){ref-type="fig"}). Swelling studies confirmed that the incorporation of silver incorporation enhanced the porosity and chain entanglement of the polymeric species of the hydrogel. The AgNP-hydrogel exhibited good antibacterial activity and was found to cause significant reduction in growth of *E. coli* in 12 h while such activity was not observed for the hydrogel without AgNPs.Fig. 10FEG-SEM images of pure chitosan--PVA hydrogel (CP-50) at **a** 9500, and **b** 97,000 magnification. **c**--**f** demonstrated Ag-loaded chitosan--PVA hydrogel at different magnifications: **c** 9500, **d** 97,000, **e** 920,000, **f** 933,000. (Reproduced with permission from Agnihotri et al. ([@CR4]), Springer)

A series of antibacterial superabsorbent hydrogels have been successfully prepared using polyacrylamide for biomedical applications. For example, Varaprasad et al. ([@CR249]) synthesized a semi-IPN Ag/poyacryalamide nanocomposite through free radical polymerization of acrylamide monomer in aqueous suspension containing desired amount of ammonia persulfate (as a cross linker), polyvinyl acetate, and ionic silver. The polymerization process was continued up to 8 h at 35 °C where silver ions were anchored at the surface of hydrogel through electrostatic interactions. To this polymeric mixture, sodium borohydride was introduced as to convert silver ions into AgNPs yielding hydrogel--silver nanocomposites. The antibacterial tests performed in solid agar demonstrated a significant and distinct ZoI while good antibacterial activity was observed against *E. coli* strains using liquid broth assays. Murthy et al. ([@CR168]) demonstrated the use of polyacrylamide/polyvinyl pyrrolidone semi-IPN hydrogel with AgNPs (size 3--5 nm) as excellent antibacterial biomaterials with 100% reduction in growth rate of *E. coli* under in vitro conditions. On a similar concept, Aggor et al. ([@CR2]) incorporated AgNPs (average size range, 1--12 nm) into polyacrylamide-co-acrylic acid hydrogel network and found that the hydrogel nanocomposite exhibits strong antibacterial and antifungal activity against *E. coli, S. aureus, B. subtilis,* and *C. albicans* strains. While increasing the dose of silver in hydrogel from 0.01 to 0.04 g/g of monomer mixture, there was a significant rise in antimicrobial study as manifested through a rise in the zone of inhibition (ZoI) from 10 to 20 mm. Moreover, the extraordinary swellable characteristics of hydrogel nanocomposite established its suitability as antimicrobial coatings for diverse biomedical applications.

A novel approach combining the antimicrobial therapy with nano-dressings has recently been cited for controlling foot infection in diabetic patients (El-Naggar et al. [@CR72]). The nano-formula describes the fabrication of starch-chitosan/AgNP based dressing membranes through the conventional in situ synthesis of AgNPs within porous chitosan networks. The antibacterial experiments were tested against clinical pathogens isolated from the patients suffering from diabetic ulcers which mainly include *S. aureus, P. aeruginosa, K. pneumoniae*, *Proteus mirabilis* and *S. pyogenes*. Results indicated that chitosan-AgNP hydrogels always mediated higher antibacterial performance than pure chitosan under relevant conditions, regardless of the bacterial species tested. Specifically, the diameter of ZoI was calculated as 14.67 and 15.67 mm for the chitosan-AgNP against *S. aureus* and *P. aeruginosa* strains which was reduced to 11.88 and 14.11 mm when tested with pure chitosan against respective strains. Interestingly, The MIC values of all bacterial isolates treated with pure amikacin (antibiotic) were lowered from 48 to 2 µg ml^−1^ after combining amikacin with chitosan-based silver nanoparticles, indicating their synergistic role. The proposed nano-formulation having 4 µg ml^−1^ amikacin with chitosan-AgNP hydrogel (5 ppm Ag in 6.9 mg ml^−1^ chitosan) was recommended for the treatment of MRSA and *P. aeruginosa* chronic wound infection without emergence of any nephrocytotoxicity or liver biochemical functions.

Another study hypothesized the concept of multifunctional biomaterial as a synthetic bone draft by encapsulating AgNPs (60--80 nm) within porous methacrylate hydrogels containing Na~2~HPO~4~ and CaCl~2~ micro particles (Gonzalez-Sanchez et al. [@CR88]). The antimicrobial efficacy of AgNP-hydrogel composites were determined on the basis of variation in the apparent lag phase and growth rate of *S. aureus* and *S. epidermidis* cells. Results indicate that hydrogel with 0.1 mM AgNP concentration demonstrated a better antibacterial activity than hydrogel having lower (0.5 mM) AgNP content. The maximum antibacterial effect of AgNP-hydrogel was achieved in 48 h while a further increase in contact time marked no increment in its antibacterial activity. Moreover, the presence of AgNPs did not pose either any cytotoxic effects on osteoblast cells or rheological characteristics of hydrogel. With both osteoconductive and antibacterial features, such hybrid gel could effectively be used in biomedical and dentistry applications as bone graft material.

In recent years, catheters with hydrogel coatings loaded with antimicrobial agents have been used to reduce the burden of catheters related infections. In a recent article, Loo et al. ([@CR148]) demonstrated the importance of AgNP-PVA hydrogels as antimicrobial coating on commercial endotracheal tubes. The antibacterial potential of hydrogel nanocomposite was evaluated on the basis of their degree of colonization on its surface after desired durations. Results showed that the density of *P. aeruginosa* colonization on pure PVA hydrogels was estimated to be in the range of 2.2--5.5 × 10^3^ CFU cm^−2^ after 6 h of incubation whereas, no adherent bacterial colony was found on AgNP loaded PVA hydrogel for initial 6 h. After 18 h, the bacterial colonization in pure PVA was increased up to 2.0--3.0  ×  10^5^ CFU cm^−2^ however AgNP-PVA hydrogel severely inhibited biofilm formation with density of colonization ranging from 1.2--9.0  ×  10^4^ CFU cm^−2^. Similar trend was observed in case of *S. aureus* strains attachment to the hydrogels surface. Moreover, exposing hydrogel to human normal bronchial epithelial (BEAS2B) cells showed no cytotoxicity consequences. In another perspective, incorporating AgNPs into PVA matrix enhanced Young's modulus and ultimate tensile strength whereas its elongation at break was decreased than pristine PVA hydrogel. The mechanical property of hydrogel was found to comparable with commercially available endotracheal tubes and hence their utilization as antibacterial coatings for preventing nosocomial infections was envisaged by the authors. The details of other silver-based hydrogel nanocomposites and their potential biomedical applications have been summarized in Table [3](#Tab3){ref-type="table"}.Table 3Silver nanoparticles hydrogel nanocomposites and their biomedical applicationsAgNP based hydrogel nanocompositesAgNP Size (nm)ActivityOrganisms testedEvaluation parameterPotential biomedical applicationReferencesAg/methacrylamide\<20AB*E. coli, S. aureus,P. auregenosa*ZoI: 129--157% increase in diametersAntimicrobial wound dressingGhavamiNejad et al. ([@CR86])AgNPs/Dextran20--30AB*Bacillus cereus*NDAntimicrobial materialMa et al. ([@CR151])Ag/Polyacrylamide/PVP3--5AB*E. coli*100% reduction rateAntimicrobial materialMurthy et al. ([@CR168])Ag/cellulose acetate aerogel2.8ABNDNDAntimicrobial membranesLuong et al. ([@CR150])Ag/carboxymethyl cellulose8--14AB*E. coli, K. pneumoniae, P. aeruginosa, P. vulgaris,S. aureus, P. mirabilis*ZoI: 14.8--16.2 mmAntimicrobials against UTI infectionsAlshehri et al. ([@CR14])Ag/Chitosan-PVA13.3AB*E. coli*83.5% inhibition rateDisinfectantsAgnihotri et al. ([@CR4])Ag/Nap-FFC peptide15AB*MRSA,Acinetobacter baumannii*MIC: 40 µg/mlWound dressingsSimon et al. ([@CR230])Ag/hyaluronan/PVA20--50AB*E. coli*70--95% inhibition rateWound dressingsZhang et al. ([@CR273])Ag/Chitosan--Chitlac- blend20AB*S. aureus, E. coli,S. epidermidis,P. aeruginosa*3 Log reduction in bacterial countsWound dressingsSacco et al. ([@CR211])Ag/Polyacrylamide-co- acrylic acid1--12AB, AF*E. coli, S. aureus,B. subtilis, C. albicans*Maximum ZOI: 20 mmAntimicrobial materialAggor et al. ([@CR2])Ag/Chitosan-PVA16.5AB, AF*E. coli, P. aeruginosa,C. albicans, Micrococcus,Staphylococcus*Maximum ZOI: 2.1 mmWound dressingVimala et al. ([@CR253])Ag/PHEMA/IA)/PVP hybrid hydrogelsNDAB, AF*S. aureus, C. albicans,E. coli*70--95% inhibition rateTissue scaffoldJovašević et al. ([@CR123])Ag/methylcellulose10AB, AF*S. aureus, C. albicans,E. coli, P. auregenosa,S. epidermis*MIC: 25 mg/LTopical burns,Wounds healingPanacek et al. ([@CR177])*AB* Antibacterial; *AF* Antifungal, *ND* Not Determined

Nanomaterials Based on Chitosan/Chitin {#Sec8}
======================================

After cellulose, chitin is the most abundant mucopolysaccharide on earth. Chemically, it is a long chain polymer of poly (β-(1-4)-N-acetyl-d-glucosamine) virtually present in the exoskeleton of crustaceans/invertebrates as internal supporting structure and in the cell walls of fungus and yeasts (Jayakumar et al. [@CR118]). Chitosan is a deacetylated form of chitin derivative which is a linear copolymer of N-acetyl glucosamine and glucosamine. Owing to its poor solubility in both aqueous and organic solvents, chitin polymer limits its practical applications and was widely accepted in the form of chitosan, which provided ample opportunities for further development (Dash et al. [@CR56]). Moreover, chitosan offers some extraordinary properties such as innate biocompatibility, biodegradability, intrinsic antimicrobial efficacy, bone forming capability, and wound healing knack difficult to achieve with any other natural or synthetic polymer, making it a promising biomaterial to be used in various biomedical applications (Dash et al. [@CR56]). With the shift of dimension from macro to nano, chitosan nanomaterials have also been shown to have expansive antibacterial, antiviral, and antifungal activity (Rabea et al. [@CR190]), which depend upon several factors, including pH, degree of deacetylation, and the type of solvent (Tavaria et al. [@CR243]; Chung et al. [@CR45]). Moreover, the average molecular weight is also an important parameter that signifies the solubility of chitosan in various solvents.

In past two decades, chitosan has been proved to be a safer carrier for drug formulations (Felt et al. [@CR79]). A number of delivery vehicles based on colloidal chitosan have been recently cited for delivering drugs, peptides, proteins, vaccines, DNA and siRNA (Almeida and Souto [@CR13]; Mao et al. [@CR156]). Due to its excellent mucoadhesive nature to a variety of hard and soft tissues, chitosan based hybrid materials may serve as a temporary skeleton in bone tissue engineering (Cañas et al. [@CR35]). Fortunately, most of the chitosan based formulations has not been reported to provoke either inflammatory responses or allergic consequence within human body which has established its wide acceptability and utilization as biocompatible implants, injection, oral ingestions, topical applications for diverse biomedical purposes. Chitosan films/membranes has been tested as an efficient biomaterial for wound healing applications (skins, burns) and coating implants, thanks to its innate antimicrobial nature which inhibits biofilm formation yet promoting cell (e.g., fibroblasts, keratinocytes) proliferation for epidermal regeneration (Blažević et al. [@CR28]). For example, Qi et al. ([@CR189]) synthesized chitosan and copper loaded chitosan nanoparticles (CSNPs) based on ionic gelation interaction between positively charged chitosan and negatively charged tripolyphosphate molecules. The processing was operated at room temperature and copper ions were absorbed on to CSNPs via ion exchange resins and/or surface chelation respectively. The average size of pure CSNPs and Cu-loaded CSNPs was calculated as 40 and 257 nm, respectively through AFM. These NPs showed effective antibacterial activity than their pristine counterparts against *E. coli*, *S. choleraesuis*, *S. typhimurium*, and *S. aureus* with MIC values ranging between 0.01 and 0.13 µg ml^−1^. AFM analyses revealed that CSNPs severely killed *S. choleraesuis* cells via membrane disruption such that membrane permeability was severely damaged resulting in the leakage of intracellular components. In another study, a synergistic antibacterial activity of Cu loaded CSNPs was observed against *E. coli* K88 strain with MIC (9 µg ml^−1^) and MBC values 21--42 folds lower than the individual antibacterial entities i.e., copper ions and chitosan nanoparticles (Du et al. [@CR67]). Therefore, it is anticipated that CSNPs often integrated with metallic nanoparticles can be used as potential antibacterial agents in biomedicine.

Anitha et al. ([@CR15]) synthesized CSNPs (average size, 40--50 nm) and their water soluble derivatives i.e., O-carboxymethyl chitosan (O-CMC, 90--100 nm) and N,O-carboxymethyl chitosan (N,O-CMC, 80--85 nm) nanoparticles, to compare their antibacterial efficacy against *S. aureus*. They found that among modified NPs; N,O-CMC NPs showed maximum antibacterial efficiency than O-CMC and CSNPs, with 100% inhibition rate at a maximum concentration of 1 mg ml^−1^. The greater antibacterial effect of N,O-CMC NPs was attributed to their relatively higher degree of substitution of carboxymethyl groups on chitosan than unmodified chitosan, (Sun et al. [@CR242]). Earlier, It was hypothesized that the introduction of carboxymethyl groups strengthen the overall positive charge on chitosan molecules, resulting in greater interaction with negatively charged components (lipopolysaccharides, proteins) present in the bacterial membrane, thereby causing membrane disruption and release of major content of intracellular material outside cells (Sudarshan et al. [@CR240]).

Yien et al. ([@CR264]) evaluated the antifungal activity of CSNPs prepared from both low and high molecular weight chitosan against *Candida albicans, Fusarium solani* and *Aspergillus niger* species. Results showed a significant antimycotic activity with MIC values ranging from 0.6--1.0 and 0.5--1.2 mg ml^−1^ against *C*. *albicans* while 0.25--0.86 and 0.86--1.2 mg ml^−1^ against *F. solani* for high mol. wt. and low mol. wt. CSNPs, respectively. Among all the tested strains, *A. niger* appeared as the most resistant strain since there was an increase in MIC values by ten times (2--3 mg ml^−1^). Therefore, these types of NPs could be incorporated into biomaterials for natural antifungal effect.

Biofilm formation due to the growth of *Streptococcus mutans* bacterial colonies in oral cavities is a major concern because it can cause diseases like caries, gum inflammation (gingivitis), and dilapidation of periodontal tissues i.e., periodontitis (Marsh [@CR157], [@CR158]). In order to combat this problem nanoscale systems with antibacterial properties are being developed as a biological carrier materials to inhibit biofilms formation, maturation and growth. For the above mentioned reasons endodontic irrigants like sodium hypochlorite have been used for successful elimination of biofilms but these irrigants when retained in higher amounts for longer period of time may even cause more structural damage into the dentin (Zhang et al. [@CR272]). Also, they leave smear layers because of incomplete elimination of bacteria and hence there is a need of chelating agents used as final irrigant to get rid of smear layers from the root canals (Çalt and Serper [@CR32]). However the chelates may cause additional damage by compromising the mechanical integrity and amplified bacterial adherence on collagen (Kishen et al. [@CR131]). Inspired by this approach, de Paz et al. ([@CR58]) tested the antibacterial efficiency of chitosan nanoparticles prepared from chitosan (high and low mol. wt.) against *Streptococcus mutans* biofilms. Confocal scanning laser microscopy (CSLM) image analysis showed high antibacterial potency of low MW CSNPs with more than 95% destruction rate of bacterial cells as compared to 25% killing rate for high MW CSNPs. In line to this, a recent study has demonstrated the chelating and antibacterial effect of CSNPs to remove the smear layer and inhibit bacterial colonization on bovine dentin (del Carpio-Perochena et al. [@CR59]). Results showed noteworthy chelation and antibacterial potency of NaOCl-EDTA, NaOCl-EDTA-CNPs and NaOCl-CNPs in comparison with that of the control and NaOCl groups, with 73% of live cells in case of NaOCl-EDTA-CNPs compared to 92% of control. This establishes the fact that CSNPs can be used as anti-biofilm and chelating agent in dental applications, however, further work on the above issues is needed.

Degradation of root canal system and the periradicular spot by bacterial infection and its toxin release can cause apical periodontitis and tissue demolition. These defects can be treated with guided tissue regeneration (GTR) method using collagen membrane barriers which prevents the apical migration of gingival epithelial into the bereaved root surface with improved healing and bone closure (Stoecklin-Wasmer et al. [@CR237]) however, bacterial colonization still persists. Therefore, Barreras et al. ([@CR26]) used chitosan nanoparticles with chlorhexidine to demonstrate its antibacterial activity against *E. faecalis* in infected collagen membrane. Results show that CSNPs displayed significant antibacterial efficacy on conjugating with chlorhexidine since no bacterial growth was observed even at its lowest concentration, i.e., 0.08%. Thus, CSNPs/chlorhexidine nanosystems can be applied into membrane barriers to prevent periodontal infections.

Regarding fabrication of a drug delivery vehicle, Lee et al. ([@CR136]) developed a method to load two drugs, tetracycline and lovastatin into PLGA/CSNPs (Average size, 107.8 nm) for fighting against bacterial infection concurrently with minimizing bone material loss. Preliminary studies conducted in dogs for potential antibacterial, bone formation/regeneration ability showed promising results against *A*. *actinomycetemcomitans* and *P*. *nigrescens* pathogens with a distinct ZoI appearing in PLGA/CSNPs/lovastatin-tetracycline (0.3%). Histopathological examination of tissue treated with prepared nanocomposite showed no sign of inflammation, though new deposits of cementum on the root surface and active plasmacytoid osteogenic activity were observed than in the control group. Therefore this material can be applied for controlled release of tetracycline and lovastatin into the periodontic defect for antibacterial and osteogenic activity.

Joint replacement procedures are being done now with high success rate however microbial colonization on artificial biomaterial still remains a problem causing serious implant rejections. Poly(methyl methacrylate) (PMMA) has been being used as bone cement for joint replacements however due to no intrinsic antibacterial activity, it is susceptible to infections due to biofilm formation over its surface (Hendriks et al. [@CR102]). The addition of antibacterial agent in bone cement can really help to solve the persisting problem. Therefore, doping of CSNPs into PMMA and quaternary ammonium chitosan derivative nanoparticles (QCS NPs) has been done to check their potential use as bactericidal agents (Shi et al. [@CR228]). CSNPs & QCS NPs embedded cements showed decrease in viability of *S. aureus* and *S. epidermidis* with two and three orders of magnitude, respectively (Fig. [11](#Fig11){ref-type="fig"}). Moreover, the cytotoxicity assays of CSNPs and QCSNP-loaded bone cements showed no adverse effects on 3T3 mouse fibroblasts compared to pure PMMA cement.Fig. 11Number of viable adherent *S. aureus* (**a**) and *S. epidermidis* (**b**) cells on the different substrates based on Smart set bone cement without (*Left*) and with gentamicin (*Right*). (Reproduced with permission from Shi et al. ([@CR228]), Elsevier)

Regarding the development of antibacterial coatings for medical devices and wound healing applications, a few reports have been published in recent times. For example, Romainor et al. ([@CR205]) demonstrated the potential of CSNPs (216 nm) doped cellulose films as an antibacterial wound dressing material. Disk diffusion assays revealed that while pure cellulose film could not exhibit any inhibitory effects on bacterial growth, no colonies were able to grown on the surface in contact with either chitosan-doped or chitosan nanoparticles-doped cellulose films. It was hypothesized that being polar in nature, both chitosan and CSNPs were able to diffuse slowly from films to agar plate, facilitating a direct contact killing action. The polar nature of film was further increased after cross linking with citric acid, which demonstrated a larger diameter of zone of inhibition i.e., an enhanced bactericidal potency of CSNP-doped cellulose films, validating the above hypothesis. The antibacterial assays showed the highest activity against *E. coli* with 85% and 81% inhibition rate in bacterial growth at 5% and 10% doping concentration of CSNPs and chitosan in cellulosic films, respectively. The value MIC and MBC values of CSNPs/cellulose films were determined as 10 and 13 µg ml^−1^ respectively, which was significantly lower than the bulk chitosan/cellulose films (MIC: 16.37 µg ml^−1^; MBC: 19.70 µg ml^−1^). Similarly, Jamil et al. ([@CR117]) developed cefazolin loaded chitosan nanoparticles (CSNPs) and tested their antimicrobial activity against *K. pneumoniae*, *P. aeroginosa* and extended spectrum beta lactamase (ESBL) positive *E. coli*. Antibiotic loaded CSNPs showed ZoI ranging from 15 to 22 mm with increasing concentration of drug from 200 to 2000 µg ml^−1^. It indicates that CSNPs can be used to fabricate antibacterial agent for effective therapeutic solutions against MDR bacteria and can be employed in antimicrobial coatings on medical devices.

Other Nano-Antimicrobials {#Sec9}
=========================

Despite the highest antibacterial potency manifested by silver, an overwhelming demand of nano-based products in biomedical and healthcare sector has obliged researchers to explore a few other materials, such as gold, copper/copper oxide, ZnO due to their inherent antibacterial properties. A number of publications describing antimicrobial applications of these nanomaterials for targeted drug delivery, antimicrobial coatings, biocidal medical devices and wound dressings have risen exponentially. While most research focused on claiming antimicrobial potential of these nanomaterials have employed either the colloidal state or often conjugated with antibiotics/drugs, the hypotheses of using them as next generation antimicrobial agents has limited clinical relevance. It is worth mentioning that for treating biomaterial associated infections, it is an important concern that a biocidal agent would not only kill the invaded microbes, but it should also prevent further bacterial adhesion and colonization on biomaterial surface. At the same time, antimicrobial agent must also encourage tissue integration at the implant site (Subbiahdoss et al. [@CR239]). The incorporation of nanomaterials on to some support materials would thus be the most promising approach for developing novel nano-antimicrobial surfaces with multiple functionalities, durability with an enhanced biocidal response against clinical pathogens. In this section, only those studies are included where the antimicrobial potency of gold, copper oxide, and zinc oxide nanomaterials were explicitly assessed for specific biomedical applications.

Gold Based Antimicrobial Nanomaterials {#Sec10}
--------------------------------------

Gold in bulk form is generally considered as an inert metal with feeble antimicrobial properties. However, it can be modified to introduce antimicrobial properties when synthesized as nano sized particles. Similar to nano silver, a variety of biological synthesis approaches for gold nanoparticles (GNPs) has been published in recent times. For example, MubarakAli et al. ([@CR165]) used *Mentha piperita* plant extract to synthesize GNPs (150 nm) which were found to be active against clinically isolated human *E. coli* pathogen. Similarly, Ramamurthy et al. ([@CR196]) reported a simple and economical approach for synthesizing gold nanoparticles using aqueous extract of *Solanum torvum* fruit for treating several oxidative stress diseases and controlling human and veterinary infections. Gold nanoparticles demonstrated a noticeable zone of inhibition against *E. coli*, *Pseudomonas* and *Bacillus* while serving as a strong hydroxyl, superoxide, nitric oxide radical scavengers. Some recent reports employing fungal and bacterial mediated routes have shown the existence of phytochemicals in biological extracts, which might play a major role in improving the antibacterial efficacy of biogenic GNPs than conventional antibiotics (Prema et al. [@CR188]; Balakumaran et al. [@CR24]).

Another promising aspects of using GNPs in nanomedicine as carrier of antimicrobial agents and antibiotics is currently under investigation (Dykman and Khlebtsov [@CR69]). GNPs are appropriate to deliver drugs to cellular addresses due to their ease in fabrication, functionalization, biocompatibility and their ability to cross cellular barriers while interacting with cell surface lipids (Huang et al. [@CR113]). On the other hand, antibacterial efficacies of GNPs can be increased by adding antibiotics (Grace and Pandian [@CR90]; Rai et al. [@CR194]) whereas on conjugating with target-specific biomolecules, GNPs can be used as powerful therapeutics to destroy even cancerous cells. Gu et al. ([@CR94]) synthesized vancomycin-conjugated GNPs exploiting the strong binding affinity of gold to thiol (--SH) groups such that the antimicrobial activity of vancomycin was significantly improved on coating with gold nanoparticles (5 nm) against vancomycin resistant *Enterococci* (VRE) well as *E. coli*. These gold NP conjugates were more effective than vancomycin itself against various bacterial strains. Similar findings were presented in another study (Huang et al. [@CR112]) where polygonal shaped GNPs after immobilizing vancomycin were used as an effective photothermal agents for the selective killing of VRE, MRSA, and other potentially drug-resistant microorganisms. Authors revealed that the dual functionalities of GNPs (to absorb near-infrared radiations) and vancomycin (binding with the terminal D-Ala-D-Ala moieties of the peptide units of bacterial cell wall) contributed towards its photothermal destruction with high efficiency without eliciting any toxic effects on human cells.

Rosemary et al. ([@CR206]) also demonstrated that ciprofloxacin-encapsulated gold-silica nanoshells mediated enhanced antibacterial activity as compared to free ciprofloxacin against *E. coli* DH5. The ability of Cefaclor, a second-generation antibiotic for synthesizing GNPs showed potent antimicrobial activities on both Gram positive *S. aureus* and Gram-negative bacteria *E. coli* strains (Rai et al. [@CR194]). As compared to individual components, GNPs-antibiotic conjugate facilitated more severe perforations in bacterial cell wall followed by disrupting the bacterial DNA leading to cell death. Demurtas and Perry ([@CR61]) created a proficient drug delivery/carrier system by conjugating stable GNPs with antibiotic amoxicillin (a member of the penicillin family) which also reduced the chloroauric acid to form nanoparticles (30--40 nm) and simultaneously coated them to afford the functionalized nanomaterial. Figure [12](#Fig12){ref-type="fig"} shows the comparative antibacterial performances of pure amoxicillin, pure GNPs and amox-GNPs conjugates with various proportions over duration of 4 h. Results indicate that amoxicillin-conjugated GNPs showed an enhancement in antibacterial potency against *E. coli* as compared to the antibiotics and GNPs alone. The conjugated form exhibited 100% inhibition of *E. coli* growth in minimum time (2 h) with an MIC value of 300 μg ml^−1^. Authors claimed that these GNPs conjugates can be used to coat a wide variety of biomaterial surfaces for instance implants, fabrics for treatment of wounds and glass surfaces to maintain hygienic conditions in the home, in hospitals and other infected prone areas (Das et al. [@CR55]).Fig. 12Histogram plot showing antimicrobial activity of pure amoxicillin (Amox), pure gold nanoparticles (GNP) and amoxicillin-conjugated GNPs against *E. coli* after different incubation times (0, 2, and 4 h). All concentrations are in units of μg ml^−1^. The 'blank' without addition of amoxicillin or amoxicillin-conjugated gold nanoparticles is shown for *t*  =  0 only where it was possible to measure the colony forming units. (Reproduced with permission from Demurtas and Perry ([@CR61]), Springer)

In a recent article, Naveena and Prakash ([@CR174]) evaluated ciprofloxacin-conjugated GNPs for its antibacterial activity against *S. aureus, E. faecalis, E. aerogenes* and *E. coli* pathogenic bacteria and demonstrated the highest ZoI in case of antibiotic conjugated GNPs with *E. coli* (24 mm) and *E. aerogenes* (21 mm), and *S. aureus* (19 mm) bacteria whereas a reasonable activity was observed against *E. faecalis* (14 mm). The combined antibacterial and antifungal activities of GNPs on conjugating with 5-fluorouracil (5-FU, anti-cancer drug) was also testified against *Micrococcus luteus*, *S. aureus*, *P. aeruginosa*, *E. coli, Aspergillus fumigatus* and *Aspergillus niger* (Selvaraj and Alagar [@CR219]). 5-FU conjugated GNPs were found to be more effective on Gram negative bacteria than Gram positive due to their easier permeability into the cells. Additionally, they showed antifungal activity on *A. fumigates* and *A. niger.*

Apart from nano colloids, gold based nanocomposites have also been employed in biomedical applications as they prove to be a promising multifunctional platform, combining various diagnostic, therapeutic and antimicrobial modalities. For example, Chen et al. ([@CR39]) synthesized lysozyme-protected gold nano clusters combining the individual antibacterial properties of lysozyme and gold nanoclusters which inhibited the growth of antibiotic-resistant bacteria, such as *Acinetobacter baumannii* and vancomycin-resistant *E. faecalis* (VRE). Zaporojtchenko et al. ([@CR269]) produced an antibacterial metal/polymer nanocomposite coating system employing Ag/Au together with polytetrafluorethylene (PTFE) film having thickness between 100 and 300 nm. Higher antimicrobial effect of Ag--Au/PTFE nanocomposite coatings was estimated as compared to either individual Ag/PTFE or Au/PTFE as manifested by evaluating the extent of inhibition of *S. aureus* and *S. epidermidis* model bacterial strains. Marsich et al. ([@CR159]) prepared a nanocomposite hydrogel based on natural polysaccharides alginate and chitlac with incorporated GNPs (Average size, \<20 nm). A good antimicrobial efficacy of these hydrogels was tested against *S. aureus* and *P. aeruginosa* though the GNPs containing nanocomposites showed some cytotoxic effects towards eukaryotic cell lines HepG2 and MG63. Recently, a novel biodegradable hydrogels based on gold nanocomposites was synthesized using acrylamide and wheat protein isolate through an environmentally benign route (Jayaramudu et al. [@CR119]). GNPs were synthesized by reducing HAuCl~4~ using neem leaf extract (*Azadirachta indica)* within the hydrogels network with an average size of 10 nm. The gold-nanocomposite hydrogel showed potential applications for wound/burns dressings as it exhibited a strong antibacterial activity against *S. pyogenes* and *E. coli* with ZoI 0.9 cm and 1 cm respectively, however it was entirely absent for hydrogel without GNPs. Zhou et al. ([@CR275]) synthesized cellulose nanofiber mats by alternatively depositing negatively charged GNPs (Average size 18.7 nm) and positively charged lysozyme through layer-by-layer (LBL) self-assembly technique. Multiple functional moieties present in lysozyme provided the necessary electrostatic interactions required for binding GNPs and lysozyme to the supporting substrate. The resulting GNPs/lys/cellulose LBL multilayer assembly was found to be highly stable while exposing them under dilute acid, alkali and surfactant solutions. These film coated mats were tested against *E. coli* and *S. aureus* which showed good antimicrobial potency for food packing, tissue engineering, wound dressings applications. The fabrication process for GNPs coated cellulose mats is shown in Fig. [13](#Fig13){ref-type="fig"}.Fig. 13**a** Hydrolysis scheme of cellulose acetate and **b** Schematic diagram illustrating the fabrication process of the layer by layer film of GNP/lysozyme coated cellulose mats (**b**). (Reproduced with permission from Zhou et al. ([@CR275]), Elsevier)

In a more recent study, Regiel-Futyra et al. ([@CR200]) have developed chitosan-gold nanocomposite (CS-GNPs) films, where biodegradable chitosan polymer was used both as reducing and stabilizing agent for GNPs. Three different grades of chitosan with low, medium, high average molecular weight & having different degrees of deacetylation (DD) were used for nanoparticles synthesis. Films based on chitosan with medium molecular weight and the highest DD exhibited the highest antibacterial activity against multi-drug resistant pathogens *S. aureus* and *P. aeruginosa*. Moreover, small sized GNPs (16 nm) did not pose any cytotoxic effects on A549 (human lung adenocarcinoma epithelial cell line) and HaCaT (human keratinocyte) cell lines thereby these nanocomposites can be used for wound dressings as an adhesive bandages, or as antimicrobial coatings.

Copper/Copper-Oxide Based Antimicrobial Nanomaterials {#Sec11}
-----------------------------------------------------

The antimicrobial properties of copper have been known to us since ancient times contemporary with silver (Longano et al. [@CR147]). Later, the use of copper for treating sores and skin infections was well accepted by Greeks and Americans while a similar approach is still functional in many parts of Africa and Asia (Dollwet and Sorenson [@CR62]). Copper materials combined with metals like cadmium and lead have been considered for sanitary and hygienic purposes since 1980s because of its biocidal activity against a varieties of microbes (Domek et al. [@CR63]; Gould et al. [@CR89]). CuNPs are currently gaining enormous interests due its low cost, availability and are considered to be practically more safe for humans (Grass et al. [@CR92]; Longano et al. [@CR147]). In addition to this, CuNPs exhibit excellent antimicrobial activity against a varieties of clinically relevant pathogens including bacteria, fungi, and algae while a recent few reports have demonstrated their antimicrobial and catalytic efficacies similar to other metallic nanoparticles, i.e., silver and gold (Wei et al. [@CR258]; Usman [@CR247]) with intrinsic antimicrobial activities. Nano copper is considered as a potential candidate for new generation of antimicrobials since in trace amounts it is necessary for the execution of several metabolic processes in organisms (Krupanidhi et al. [@CR133]) and at the same time it shows bactericidal activity at a relatively higher dose due to membrane disruption, nucleic acid and protein damage (Gant et al. [@CR83]) and ROS production (Pelgrift and Friedman [@CR181]; Longano et al. [@CR147]).

As compared to other popular antimicrobial nanoparticles of silver, a few studies in accordance with antimicrobial property of copper and CuO NPs have been reported. This is because of the fact that the antimicrobial potency of CuNPs is inferior as compared to silver or ZnO and hence, a higher concentration of CuNPs would be required to show similar biocidal effect as of other potential NPs (Ren et al. [@CR201]). Nevertheless, being more economical than silver, CuO NPs are useful in combating against nosocomial infections and after immobilizing on to some support matrix, they can be utilized effectively with enhanced antibacterial properties (Xu et al. [@CR260]; Longano et al. [@CR147]).

Nicola Cioffi and coworkers have done pioneer research for exploiting the nano copper based nanocomposites for antimicrobial applications (Longano et al. [@CR146], [@CR147]; Cioffi et al. [@CR47], [@CR46], [@CR48]). In 2005, they first reported the synthesis of bioactive coatings made from polymeric thin films loaded with copper nanoparticles for antibacterial and antifungal applications (Cioffi et al. [@CR48]). Copper nanoparticles (average size, 3.2 nm) were synthesized employing a novel electrochemical method under an inert and stabilizing environment. The synthesized CuNP were embedded in polymer matrices of polyvinylmethyl ketone (PVMK), poly(vinyl chloride) (PVC), and polyvinylidene fluoride (PVDF) followed by spin casting the resulting solution on to some substrate in order to get Cu-polymeric mixture in form of films with an average thickness of 400--500 nm. The bioactivity of three nanocomposites was screened against *S. cerevisiae* (yeast), *E. coli*, *S. aureus*, *Lysteria monocytogenes*, and molds, where CuNPs-PVMK films exhibited the strongest biostatic effect with more than 99.9 and 95% inhibition of bacterial and molds colonies, respectively. The higher antimicrobial activity of Cu nanocomposites was attributed to their higher release kinetics of Cu into the solution which was in turn linearly correlated with CuNPs loading. CuNPs-PVDF nanocomposites showed minimum antibacterial activity since the amount of Cu loading among all three coatings followed order as PVMK \> PVC \> PVDF. Authors envisaged the application of these CuNP based nanomaterials for the preparation of antibacterial coatings in household, biomedical and hospital, which are prone to receive infections. In another study, (Cioffi et al. [@CR46]), same research group investigated the electrochemical synthesis of copper and silver core-shell nanoparticles (range, 1.7--6.3 nm) using tetraoctylammonium (TOA) salts as both base electrolyte and stabilizing agents to NPs. The nanocoatings formed after incorporating them onto PVMK polymer showed an extraordinary inhibitory effect on both eukaryotes and prokaryotes microbes, thanks to the synergistic action of nanoparticles and tetraoctylammonium as potential disinfectants. The enhanced physicochemical properties with good stability of Cu nanocoatings thus prompted the authors to find applications in antifouling paint and coating formulations. In a different study, CuNPs synthesized using laser ablation method were deposited on to polylactic acid after drop casting so as to make a self assembled antimicrobial film. The resulting nanocomposite showed good bioactivity against *Pseudomonas* spp. which is the most causative pathogen in food processing (Longano et al. [@CR146]).

A few other researchers have exploited the antimicrobial potential of CuNPs after incorporating onto some support material. For example, Grace et al. ([@CR91]) embedded CuNPs (37.5 nm) on alginate-cotton Cellulose (CACC) fibers for fabricating an antimicrobial package for wound dressing applications. The hybrid nanofibers demonstrated a noticeable antibacterial activity against *E. coli* with a MIC value of 5 CFU cm^2^ when composites were loaded with 4% wt. of copper had. In addition to this, the presence of cellulose provided the required mechanical strength to alginate nanofibers for holding CuNPs for intended applications. In another study, polyurethane nanofibrous scaffold (Fig. [14](#Fig14){ref-type="fig"}) was used as a template for incorporating CuNPs (5--10 nm) for making antimicrobial wound dressing material (Sheikh et al. [@CR227]). Ahmad et al. ([@CR9]) synthesized a CuO NPs doped polyurethane coatings by infusing CuO NPs (50 nm) into polyurethane (PU) elastomer and showed 90% reduction in growth of methicillin resistant *S. aureus* after an incubation period of 4 h with CuO (10% w/w)as a dopant. Owing to its good mechanical stability and excellent biocompatible properties, the prospects of CuO-PU nanocomposite in designing new antibacterial dental fillers, coatings, and tissue engineering constructs was discussed.Fig. 14SEM images for nanofibers that contain different amounts of Cu: **a** 0%, **b** 5%, **c** 7% and **d** 10%. (Reproduced with permission from Sheikh et al. ([@CR227]), Elsevier)

Similarly, Cady et al. ([@CR31]) synthesized CuNPs/cellulose nanofibrous composites as wound care materials exhibiting strong antibacterial activity against a multi-drug resistant pathogen, *A. baumannii.* The nanocomposite was fabricated by an alternative deposition of copper ions onto functionalized (negatively charged) cotton nanofibers followed by its reduction resulting in the synthesis of copper nanoparticles (Average size, 5 nm) onto cellulose substrate as a self assembled multilayer coatings. The antibacterial properties of CuNPs coated cotton substrates were assessed in solid media using zone of inhibition assay and growth inhibition assay in liquid broth. ZoI results indicated while Acticoat^TM^ (a commercial silver dressings) exhibited the largest zone of inhibition, which is an indicative of high Ag^+^ ions release from sample into the solid agar medium, CuNP-cotton nanocomposite did not shown any distinct ZoI, thanks to non-leachable CuNPs that were bound firmly to the functionalized cotton surface. Contrary to this, CuNP-cotton caused a 8 log reduction in growth of *A. baumannii* in liquid assay within 10 min of incubation as compared to merely 1 log reduction for bacterial cells treated with AgNP-cotton samples. Moreover, CuNPs coated cotton exhibited more effective bacterial killing than Acticoat^TM^ despite having approximately 90% less metal cm^−2^. Authors envisaged the enhanced bactericidal killing of Cu-coated cotton samples to be predominantly contact killing activity, a similar mechanism of action proposed by (Agnihotri et al. [@CR5]) in a different study related to immobilized silver nanoparticles. Several examples of Cu/CuO nanoparticles based nanocomposites and their biomedical applications are summarized in Table [4](#Tab4){ref-type="table"}.Table 4Copper/Copper oxide based nanocomposite and their biomedical applicationsCu/CuO based nanocompositesCuNP size (nm)ActivityOrganisms testedEvaluation parameterPotential biomedical application(s)ReferencesCuNPs/Alginate-Cotton Cellulose fibers37.5AB*E. coli*5 CFU cm^−2^ at 4 wt% CuNPsAntimicrobial dressing materialsGrace et al. ([@CR91])Cu/polypropylene & CuO/polypropylene10--40AB*E. coli*99.9% reduction in 4 hAntimicrobial fillerDelgado et al. ([@CR60])CuNPs/polyurethane5--10AB*E. coli, B. subtilis*NDWound dressingsSheikh et al. ([@CR227])CuNPs/cellulose5AB*A. baumannii*8 log reduction in 4 hAntimicrobial dressing materialsCady et al. ([@CR31])Cu doped diamond-like carbon films10AB*E. coli*99.9% reduction rateSurface coatings in cardiovascular applications.Chan et al. ([@CR37])CuNPs/polyurethane50AB*MRSA*90% reduction rate at 10% w/w CuOAntibacterial dental fillers, Tissue engg. constructs, coatings,Ahmad et al. ([@CR9])CuNPs/Soda lime glass/Ceramic coatingNDAB, AF*E. coli, Micrococcus luteus, Issatchenkia orientalis* (yeast)MIC: 10--15 µg/cm^2^Biocide coatings on medical devicesEsteban-Tejeda et al. ([@CR74])CuO/TiO~2~ nanorods100AB*E. coli, S. aureus*Reduction in viable countsAntibacterial bone and dental implantsHassan et al. ([@CR100])CuNPs/montmorillonite/epoxy nanocomposites10--20AB*K. pneumonia, E. coli*ZOI: 23--26 mmAntimicrobial coatingDas et al. ([@CR54])CuO/Carboxymethyl cellulose hydrogels40--75AB*E. coli, S. aureus*ZOI: *E. coli* -14 mm *S. aureus*-19 mmAntibacterial materialYadollahi et al. ([@CR261])Copper/bioactive glass/eggshell membrane40--50AB*E. coli*90% reduction rateWound dressingLi et al. ([@CR140])Sn, Cu, Hg, and Ag composite nanopowders\<100AB*Streptococcus mutans, L. acidophilus*MIC-12 mg/mlZoI: 6, 13 mmDisinfectant in dental filling materialsLee et al. ([@CR137])CuO/Chitosan hydrogel10--25AB*E. coli, S. aureus*ZOI: 8--11 mmAntibacterial dressingsFarhoudian et al. ([@CR77])*AB* Antibacterial; *AF* Antifungal; *ND* Not determined

Zinc/Zinc-Oxide Based Antimicrobial Nanomaterials {#Sec12}
-------------------------------------------------

Zinc oxide is a wurtzite-type semiconductor material with unparalleled physical and chemical properties such as piezoelectric behavior, high chemical stability, capability to absorb broad range radiations and photocatalytic activity. In recent years, It is being widely accepted in a variety of applications related to sensors, UV-light shielding, semiconductors, piezoelectric devices, field emission displays, pharmaceuticals, agriculture, photocatalytic degradation of pollutants, and as antimicrobial agents (Kołodziejczak-Radzimska and Jesionowski [@CR132]; Wang [@CR257]). Owing to its innate broad range antimicrobial features, ZnO nanoparticles represent another class of antimicrobial biomaterial which are considered to be safe, biocompatible, economically viable and have been used in our daily products such as cosmetics, delivery vehicles, and even as nanofillers in medical implants. Furthermore, ZnO posses some remarkable features such as low toxicity, biocompatibility and biodegradability which makes it a multifunctional material of interest for biomedical applications (Stoimenov et al. [@CR238]).

ZnO NPs tend to have an extensive range of antimicrobial activity against various microorganisms which in turn dependent on concentration, size, shape, surface charge, porosity, surface functionalization and ligand binding ability of ZnO NPs (Yamamoto [@CR263]). For instance, Narayanan et al. ([@CR173]) synthesized ZnO NPs of size ranging between 41--167 nm by precipitation method using zinc nitrate and NaOH. The antimicrobial activity was tested against common human pathogens such as *S. aureus, E. coli, K. pneumoniae, E. faecalis*, and *P. aeruginosa* with an average ZoI of nearly 21, 17, 13, 16, and 30 mm for respective strains at 100 μg concentration of ZnO NPs. In addition to this, the biogenic synthesis of nanoparticles can alleviate various limitations associated with the involvement of toxic chemicals and reagents through chemical approaches. For example, the antimicrobial efficacies of ZnO nanoparticles synthesized using green (average size, 40 nm) and chemical (average size, 25 nm) approaches were tested against various bacterial and fungal pathogens viz. *S. aureus, Serratia marcescens*, *Proteus mirabilis, Citrobacter freundii,* and fungal strains *Aspergillus flavus, Aspergillus nidulans, Trichoderma harzianum*, and *Rhizopus stolonifer* (Gunalan et al. [@CR95]). Amongst the various tested bacterial strains, ZnO NPs showed the highest antimicrobial activity against *S. aureus* as demonstrated through a larger ZoI (26 mm) than *P. mirabilis* (27 mm), *S. marcescens* (24 mm) and *C. freundii* (19 mm). Among fungal pathogens, the order of antifungal effect was noticed as *R. stolonifer* \> *A. flavus* \> *A. nidulans* \> *T. harzianum*. Interestingly, ZnO NPs synthesized through green route exhibited enhanced antibacterial & antifungal activity than chemical ones, despite having larger nanoparticle size. Several other studies have also reported the improved antimicrobial potency of ZnO NPs synthesized through green routes over chemical approaches (Gnanasangeetha and Thambavani [@CR87]; Salem et al. [@CR212]; Sharma et al. [@CR225]).

In order to design antimicrobial coatings based on ZnO NPs, surface functionalization or immobilization to a support material would be utmost concern for facilitating their ease in handling, utilization and applicability. Antimicrobial activity and stability of ZnO nanoparticles can be improved by incorporating them into some carrier matrix. Moreover, ZnO in the form of nanorods can even act as an immobilizing template for other nano-antimicrobials like AgNPs and may contribute towards an unprecedented antimicrobial performance. For instance, Agnihotri et al. ([@CR3]) described a facile approach for dense immobilization of silver nanoparticles (AgNPs) on ZnO nanorods using arginine molecule as an eco-friendly cross linker. Various characterization studies indicated that arginine molecules provided numerous nucleation sites on ZnO nanorods forming stable silver-arginine complexes, which was subsequently reduced into silver nanoparticles (Fig. [15](#Fig15){ref-type="fig"}). The resulting Ag/ZnO hybrid nanocomposite (HNC) demonstrated an extraordinary antibacterial activity against *E. coli* and *B. subtilis* strains under the given test conditions. A dual mode of bactericidal action of HNCs, i.e., mediated through direct-contact as well as release of silver ions was hypothesized. Ag/ZnO HNCs showed no significant reduction in antibacterial efficacy even after being recycled multiple times. A good extent of immobilization was confirmed by measuring the amount of Ag and Zn release in potable water which was found to be well below the USEPA recommended standard. Interestingly, the Ag/ZnO HNC did not show any cytotoxic effects on the human hepatocarcinoma cell line (HepG2) and no significant generation of ROS was observed by the treated cells after an exposure of 24 h. The immobilized substrate thus showed good biocompatibility and sustained bactericidal activity and has good potential as a nano-antimicrobial biomaterial.Fig. 15Schematic representation shows in situ synthesis and immobilization of silver nanoparticles on ZnO nanorods using arginine as a linker. (Reproduced with permission from Agnihotri et al. ([@CR3]), Royal Society of Chemistry)

A hybrid nanocomposite based on ZnO & soluble starch (stabilizer) for coating onto cotton fabrics in order to make antimicrobial textiles was described earlier (Vigneshwaran et al. [@CR251]). Incorporation of 1% ZnO NPs (average size, 38 nm) exhibited good antibacterial activity against *S. aureus* and *K. pneumonia* strains and inhibited biofilm formation by 99.9% along with preventing damage of cotton fabrics under UV illumination. In another study, dental composites made from polymer resin and ZnO NPs (as nanofillers) were employed to inhibit dental plaque (biofilm) formation that contribute to dental caries and often leads to degradation of resin composite (Aydin Sevinç and Hanley [@CR21]). The plaque inhibition potency of polymer/ZnO nanocomposites were examined against various strains *Streptococcus sobrinus*, which is known to cause dental caries and possesses a superior adherence on tooth surfaces as compared to other *Streptococcus* species. The MIC and MBC values of ZnO NPs against *S. sobrinus* were found to be 50 and 150 µg ml^−1^, respectively while the incorporation of 10% ZnO-NPs in polymeric resin reduced biofilm growth by 80% as compared to polymeric resin without ZnO NPs. Moreover, the adherence of *S. sobrinus* cells was found to be significantly higher on pristine polymer resin as compared to 10% ZnO/polymer nanocomposites. On a similar account, higher biofilm coverage was observed on pure polymer resin after 3 days of incubation whereas, 10% ZnO/polymer nanocomposite showed significantly less colonies of *S. sobrinus* attached on its surface which discouraged the formation of a continuous biofilm layer.

Shalumon et al. ([@CR221]) synthesized an electrospun hybrid nanofibrous scaffold from sodium alginate/polyvinyl alcohol co-polymeric mixture containing dispersed ZnO NPs. Three nanocomposites were designed with varying amount (0.5, 1, 2 and 5%) of nano ZnO (average size, 160 nm) incorporated inside the polymeric nanofibers. The addition of ZnO NPs leads to increase in diameter of electrospun magnifiers from 190--240 to 220--360 nm. The evaluation of antibacterial activity on the basis of disc diffusion assays revealed that a larger ZoI was obtained for nanocomposites with higher ZnO concentration. Among the two strains, *S. aureus* appeared to be more sensitive to nanofibrous composite where the diameter of ZoI was calculated in the range of 15--16 mm as compared to 14--15 mm in case with *E. coli*. For assessing cytocompatibility, the nanofibrous scaffolds with low concentrations of ZnO (up to 0.5%) showed good adherence and spreading of L929 cells up to 96 h while a further increase in ZnO concentrations, the cell spreading is severely affected (Fig. [16](#Fig16){ref-type="fig"}). Moreover, a significant change in cell morphology was also observed and the existence of more rounded cells was attributed to cytotoxic consequences of ZnO NPs. Thus, nanofibrous composite with 5% ZnO was considered as a suitable material for wound dressing applications by providing good antibacterial activities yet remaining non cytotoxic.Fig. 16Cytotoxicity studies on sodium alginate/PVA/ZnO mats using L929 at 48 and 96 h of attachment. A, P and Zn respectively represents alginate, PVA and ZnO. (Reproduce with permission from Shalumon et al. ([@CR221]), Elsevier)

Similarly, Ul-Islam et al. ([@CR246]) synthesized a potential wound dressing/healing nanocomposite films using bacterial cellulose with different concentrations of ZnO NPs (size range, 70--90 nm). The antimicrobial efficacies of nanostructured films were tested against *E. coli* where an introduction of 1 and 2% ZnO to cellulosic depicted a ZoI of 34 and 41 mm, respectively. Also, there was a significant up gradation in thermal, mechanical and biological properties of composites with addition of ZnO NPs. The resulting nanocomposites were also found to be non toxic and biocompatible to be used in biomedical applications. In a similar sense, several other polymeric and inorganic nanocomposites have been translated as an effective antimicrobial coating material for medical implants, devices after incorporating ZnO NPs which remain active for months without posing any cytotoxicity to human cells (Sudheesh Kumar et al. [@CR241]; Applerot et al. [@CR18]; Schwartz et al. [@CR218]). A summary of various ZnO based nanocomposite and their biomedical applications are shown in Table [5](#Tab5){ref-type="table"}.Table 5Zinc oxide based nanocomposites and their biomedical applicationsZnO based nanocompositesNPs size (nm)ActivityOrganisms testedEvaluation parameterPotential biomedical applicationsReferencesZnO/sodium alginate/PVA nanofibers160AB*S. aureus, E. coli*ZoI: 15--16 mmWound dressingsShalumon et al. ([@CR221])ZnO/Chitosan/PEG/Ag25--65AB*E. coli, S. aureus,P. aeruginosa,B. subtilis*ZoI: 11.9- 17.2 mmWounds/burns dressingsLiu and Kim ([@CR145])ZnO/parylene-glass15AB*E. coli, S. aureus,*Reduction rate: 100% (*E. coli*) & 76% (*S. aureus*)Biomedical coatingsDisinfectantsApplerot et al. ([@CR18])ZnO/TiO~2~ coatings20--80AB*E. coli, S. aureus,*Reduction rate: 100% (*E. coli*) & 99.8% (*S. aureus*)Antibacterial orthopedic and dental implants.Hu et al. ([@CR108])ZnO/Polyvinylchloride20AB*S. aureus*Reduction rate: 100% at 30% ZnO conc.Antibacterial endotracheal tubeGeilich and Webster ([@CR84])ZnO/Polyurethane membranes\<100AF*Aspergillus*NDAntibacterial scaffoldVlad et al. ([@CR254])ZnO/Polycaprolactone60AB*E. coli, S. aureus,*ZoI: 9.8- 10. 2 mmAntibacterial scaffold for tissue engineeringAugustine et al. ([@CR20])ZnO/Poly(D,L-lactide) nanofiber mats8--20AB*E. coli, S. aureus*Reduction rate: 35% (*E. coli*) & 95% (*S. aureus*)Antimicrobial wound dressings.Rodríguez-Tobías et al. ([@CR203])ZnO/Polypyrrole/chitosanNDAB*E. coli, S. aureus, B. cereus, P. aeruginosa*ZoI: 17.7- 29.6 mmSurgical devices, biosensor and drug-delivery vehiclesEbrahimiasl et al. ([@CR70])*AB* Antibacterial; *AF* Antifungal; *ND* Not determined

Conclusions {#Sec13}
===========

The demands for high living standards and hygienic disciplines call new challenges for exploring some advanced, reliable but effective antimicrobial agents that should be environmentally benign and extremely safe for human use. Moreover, there is a daunting concern about the reoccurrence of drug-resistant microorganisms in infection prone areas such as hospitals, where the development of new antimicrobial materials for therapeutics, antisepsis or disinfection purposes are anticipating new strategies for employing them under clinically relevant conditions. In this context, nanotechnology is playing major role in some high priorities areas such as biomedical implants, surgical devices, catheters, stents, and antimicrobial coatings where the application of nano-antimicrobials based on metallic nanoparticles (silver, gold, copper/copper oxide), zinc oxide, chitosan nanoparticles along with their hybrid nanocomposites have been evaluated at various parameters such as their broad spectrum antimicrobial nature, efficacy, reusability and potential cytotoxicity towards mammalian cells. Each nanomaterial has shown its advantages and limitations therefore, accepting an ideal strategy or procedure for developing the antimicrobial biomaterials is not feasible. However, in future the involvement of "translational research" for making nano-antimicrobial biomaterials needs to be urgently constructed so as to implement the actual transformation of laboratory research for the realization of product for commercial applications.
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